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1 
SUMMARY 
 
The genus Aeromonas comprises ubiquitous bacteria which are known to 
play several roles in the environment. They were first described as fish 
pathogens, but their presence was also documented in other reservoirs, in 
animals and also in humans. To date, they are described as emerging 
pathogens, but their effective role in human pathogenicity is still 
controversial. At the same time, their taxonomy is a very debated issue, as 
inter- and intra-species relationships are often difficult to characterise. 
In order to achieve a precise species definition, both between different clades 
and also at a strain level, a Multilocus Sequence Typing (MLST) scheme has 
been developed for the Aeromonas genus and applied to a total of 258 strains 
of different origins. The sampling and the inclusion of the strains in this study 
was a fundamental step as the main sources of Aeromonas have been 
considered: fish, food products and human cases of disease. The objective 
was to characterise all the strains and to find a potential association among 
them at different levels: species, sharing of virulence factors, source and 
adaptation to a particular habitat. In particular, the mode of evolution and the 
adaptation mechanisms were investigated. The MLST was identified and 
chosen as the best and most practical approach to conduct this work.  
All the strains were characterised, demonstrating the exceptionally high 
nucleotide variability of the Aeromonas genus. A different distribution of the 
species were found among the sources, highlighting the occurrence of 
adaptation processes towards some specific habitats. 
Finally, the first Aeromonas MLST on-line database was opened 
(www.pubmlst.org/aeromonas) and it is available for collecting and sharing 
information about Aeromonas strains from different laboratories all over the 
world. 
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1. INTRODUCTION 
 
The history and the perception of the genus Aeromonas by the scientific 
community has evolved over 100 years, from its birth in the late XIX and 
early XX centuries until nowadays. Initially, aeromonads were recognized 
only as causing systemic illnesses in poikilothermic animals, leading to  
ulcerative infections. Today, the genus Aeromonas is regarded not only as an 
important disease-causing pathogen of several aquatic organisms (fish and 
other cold-blooded species), but also as an emerging pathogen associated 
with a variety of human extra-intestinal infections in both immunocompetent 
and immunocompromised persons [104]. Table 1 reports the decisive events 
in the chronology of the genus Aeromonas. 
 
 
Table 1. Seminal events in the history of the genus Aeromonas  [Table taken from Janda and 
Abbott, 2010 - 104] 
Date Milestone or achievement Comment Reference 
1891 Genus linked to bacteremic (“red leg”) 
disease of frogs 
No extant cultures of isolate; 
presumed to be Aeromonas  
 
[54] 
1943 Taxonomy and classification of 
Aeromonas hydrophila defined 
 
Separation from rods with polar 
flagella  
 
[195] 
1951 First association of genus with human 
infection (fulminant metastatic myositis) 
 
Aeromonas recovered from autopsy 
samples 
[33] 
1968 First major medical report describing an 
association of the genus Aeromonas with 
a variety of human infections 
 
28 cases reported; septicemia 
associated with liver disease 
(Laennec’s cirrhosis) 
 
[214] 
1981 Genus contains multiple distinct species 
withinthe mesophilic group 
 
DNA relatedness studies based 
upon 55 strains  
 
[159] 
1986 Aeromonas phylogenetically distinct from 
vibrios 
Based upon 5S and 16S rRNA gene 
sequencing; proposed new family 
(Aeromonadaceae) 
 
[44] 
2006 Complete genome sequence (4.7 Mb) of 
Aeromonas hydrophila ATCC 7966T 
Type strain of type species of the 
genus 
 
[181] 
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The genus Aeromonas is composed of Gram-negative, non-spore forming, 
rod-shaped, facultative anaerobic bacteria belonging to the Aeromonadaceae 
family [123] and present in a wide range of habitats. 
 
 
 
 
 
 
 
 
 
Fig. 1. Aeromonas hydrophila adhering to human epithelial cells. [From Northwest Fisheries 
Science Center] 
 
These bacteria are usually associated with the aquatic environment, which 
represents their principal reservoir and have been found in different sites in 
both freshwater and brackish water. Moreover, this genus is usually isolated 
from different terrestrial ecosystems, such as food, invertebrates, plants, 
slurry and fecal contents of farm animals, but also as a digestive tract 
symbiont of fish, leeches, and bats [104]. Given the worldwide distribution of 
aeromonads, the occurrence of antibiotic resistance and the ability of some 
strains to survive safety treatments, the interest in this genus (and in its 
members as human pathogens) has grown over the past two decades [109]. 
In 1980, only four Aeromonas species were ascribed to the genus (Aeromonas 
hydrophila, A. caviae, A. salmonicida and A. sobria). Today, that number is at 
25, with the recent proposal of “A. cavernicola” [129]. Finally, the complete 
genomes of four Aeromonas strains (A. hydrophila ATCC 7966T, A. salmonicida 
A449, A. veronii B565 and A. caviae Ae398) have been sequenced, with an 
average of 4195 predicted protein-encoding genes identified [17, 120, 169, 
181]. Despite much scientific progress on the knowledge of the Aeromonas 
genus, many questions regarding this emerging pathogen remain 
unanswered and the lack of definitive assessments on its pathogenicity 
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towards humans demonstrates the need of a clear and reliable 
characterisation of this important microbe. 
 
   1.1 Taxonomy 
The controversial taxonomy typical of the genus Aeromonas dates back to 
1891, when it was first discovered and included in the family of Vibrionaceae 
together with Vibrio spp., Plesiomonas spp. and Photobacterium spp. This was 
due to the prevalence of these genera in the aquatic environments and the 
common phenotypic characteristics. In 1986, Colwell and colleagues 
demonstrated the distinction between the Aeromonas genus and 
Vibrionaceae using molecular techniques (DNA-DNA hybridization, 16S rRNA 
sequencing) [44]. Figure 2 depicts the close phylogenetic relationships 
among these bacterial genera. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Phylogenetic tree illustrating the close relationships between Aeromonas spp. and 
other bacterial genera. 
 
From the creation of the genus Aeromonas in 1943 through the mid-1970s, 
aeromonads have been roughly divided into two major groups, based upon 
growth characteristics and other biochemical features [96]. The mesophilic 
group, named A. hydrophila, consisted of motile isolates that grew well at 35 
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to 37°C and were associated with a variety of human infections. The second 
group, referred to as psychrophilic strains, caused diseases in fish, were 
nonmotile, and had optimal growth temperatures of 22 to 25°C. This cluster 
contained isolates that are currently identified as A. salmonicida. For more 
than 10 years after 1970s, several groups, including the Institut Pasteur in 
Paris, the Centers for Disease Control and Prevention (CDC) in Atlanta - GA 
and the Walter Reed Institute of Research in Washington - DC, tried to 
redefine the mesophilic group based upon DNA relatedness studies and, in 
particular, by DNA hybridization investigations that became the gold 
standard for Aeromonas species identification. These works revealed that 
multiple hybridization groups (HGs) existed within each of the recognized 
mesophilic species (A. hydrophila, A. sobria, and A. caviae) [57, 159]. The 
unnamed HGs were represented by reference strains, since in each case they 
could not be separated unambiguously from each other by simple 
biochemical means. However, at a later time, phenotypic markers were 
recognized and clearly separated these clusters and new species were 
proposed, such as A. enteropelogenes (Voges-Proskauer [VP] negative, 
ampicillin susceptible), A. schubertii (D-mannitol negative) and A.  Jandaei 
(sucrose negative) [32]. In 2006, the order Aeromonadales has been included 
in the Bergey’s Manual of Systematic Bacteriology and the first Aeromonas 
hydrophila genome has been completely sequenced. 
 
   1.2 The Aeromonas Species 
Bacterial taxonomy has been interested by an enormous explosion in the 
number of proposed species over the past 20 years and the genus Aeromonas 
reflected a similar trend [104]. To date, there are 25 validly published species 
names among Aeromonas spp., but the second edition of Bergey’s Manual of 
Systematic Bacteriology (Bergey’s) recognizes far fewer [123]. The 
description of new Aeromonas taxa is due to the general and recent tendency 
to propose new species based upon single strains (~40%). Of 8 recently 
published Aeromonas species, only 3 of these (A. molluscorum, A. aquariorum, 
and A. tecta) were proposed based on the analysis of more than three strains. 
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This is in sharp contrast to well-defined species such as A. media, A. veronii, A. 
schubertii, A.  jandaei, A. trota, and A. bestiarum, where comparable numbers 
are much higher (average of 10.2 strains/species). Christensen and 
colleagues [41] suggest that a minimum of five well characterised strains 
(both phenotypically and genotypically) should be the minimum standard for 
the description of a new species. In addition, some of the species recently 
proposed as belonging to Aeromonas genus were described without any DNA 
related studies [175] that need to be included as part of a species proposal, 
especially if the species is defined on the basis of only one or a couple of 
strains [104].  
Thus, the taxonomic situation of the Aeromonas genus is still confusing due to 
the continuous description of potentially new taxa, but also because of the 
invalidity of some epithets that are illegitimate or heterotypic synonyms of 
previously published species [104]. 
 
1.2.1 Controversial Species  
One of the confounding problems that clinical microbiologists face regarding 
the role that aeromonads play in infectious diseases is how to identify them 
and what to call them. 
There are many controversial phylogenetic and taxonomic issues involving 
some Aeromonas species. 
a) Aeromonas culicicola 
In 2002, A. culicicola was described as a new Aeromonas species by Pidiyar 
and colleagues [157] using DNA hybridization and 16S rRNA gene 
sequencing data. Subsequent investigations did not support this proposal: 
Huys and others [92] found that the type strains of A. culicicola (MTCC 
3249T) and A. veronii (ATCC  35624T) were up  to 88% related in DNA-DNA 
hybridization tests. These values are above the 70% relatedness threshold 
indicating species identity and are much higher than the 44% relatedness 
previously reported by Pidiyar et al., although by a different method [157]. In 
addition, there are several phenotypic data, including numerical taxonomy 
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studies based upon API 20E and API 50CH results and fatty acid methyl ester 
analysis, that indicate that A. culicicola and A. veronii are biochemically 
indistinguishable, except for the ornithine decarboxylase (ODC)-positive 
variety (A. veronii bv. veronii). The collective result of these studies strongly 
suggests that A. culicicola is a later subjective synonym of A. veronii [93]. 
b) Aeromonas sharmana 
This new species ascribed to the genus Aeromonas by Saha and Chakrabarti 
[175] was defined on a single environmental strain and without any DNA 
relatedness analysis with other Aeromonas species. Recently, several studies 
performed on Aeromonas spp. characterisation opined that A. sharmana 
should not be included within the genus Aeromonas due to reasons 
concerning the lack of data on interspecies 16S rRNA gene relationships with 
other taxa and because of many atypical biochemical characteristics  showed 
by this species [126, 175]. Moreover, additional phylogenetic studies 
involving housekeeping genes demonstrated that A. sharmana does not 
belong to the genus Aeromonas [130, 174]. 
c) Aeromonas trota 
A. trota  and A. enteropelogenes were confirmed to be identical by DNA-DNA 
reassociation studies [92]. Despite A. trota is much more cited in scientific 
publications, A. enteropelogenes has priority of publication and validation in 
the literature (1990 versus 1991), but these species remain synonymous. 
d) Aeromonas allosaccharophila 
The validity of this species has been discussed over the last 20 years. After its 
first description based upon three strains [124], several studies suggested 
that A. allosaccharophila was a later heterotypic synonym of A. veronii [142]. 
However, Huys and colleagues [91] provided valid demonstrations that the 
two species are clearly separated. 
e) Aeromonas aquariorum 
A. aquariorum was first described in 2008 by Martínez-Murcia and colleagues 
[127] and was shown to be very closely related to A. hydrophila subsp. 
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dhakensis [128]. Although the two species are still separated, Aravena-
Román and colleagues [13] demonstrated that A. hydrophila subsp. dhakensis 
can be misidentified as A. hydrophila and there are phylogenetic evidences 
that the A. hydrophila subsp. dhakensis belongs to A. aquariorum species 
[127].  
f) Other species 
Other Aeromonas species have several names due to different times of 
discovery or because laboratories use different methods to identify them: A. 
ichthiosmia is a later junior synonym of A. veronii [91], A. punctata shares the 
same type strain of A. caviae (ATCC 15468T) and misidentification between A. 
sobria and A. veronii bv. sobria is common [123]. 
The problem associated with the doubtfulness about Aeromonas species 
depends on the lack of minimal standards for which characters should be 
included in a proposal to recognize Aeromonas spp. Thus, it would be 
important to create a universal collection of Aeromonas strains that 
unquestionably belong to the designated nomenspecies and that are 
characterised by similar methods in order to compare the results from 
different laboratories.  
Table 2 reports a list of the recognized Aeromonas species to date and their 
clinical relevance. 
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Table 2. View of the valid and proposed species in the genus Aeromonas (modified from 
Janda and Abbott, 2010 [104]) 
 
Species (year) Clinically significant Synonym 
A. hydrophila (1943) Yes  
A. salmonicida (1953) Yes  
A. sobria (1981) No  
A. media (1983) Yes  
A. caviae (1984) Yes A. punctata (1957) 
A. veronii (1988) Yes A. ichthiosmia (1991), A. culicicola (2002) 
A. eucrenophila (1988) No  
A. schubertii (1989) Yes  
A.  Jandaei (1992) Yes  
A. enteropelogenes (1991) Yes A. trota (1992) 
A. encheleia (1995) No  
A. bestiarum (1996) Yes  
A. popoffii (1997) Yes  
A. simiae (2004) No  
A. molluscorum (2004) No  
A. bivalvium (2007) No  
A. aquariorum (2008) No  
A. tecta (2008) Yes  
A. allosaccharophila (1992) No  
A. diversa (2010) Yes  
A. fluvialis (2010) No  
A. piscicola (2010) No  
A. sanarellii (2010) Yes  
A. taiwanensis (2010) Yes  
A. rivuli (2011) No  
A. cavernicolaa (2012) No  
A. sharmana (2006) No Not an Aeromonas species 
a Not yet included in the species with standing in nomenclature 
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   1.3 Aeromonas in the Environment 
The genus Aeromonas comprises ubiquitous bacteria that can be isolated 
from virtually every environmental niche where bacterial ecosystems exist 
[104]. These include the aquatic environment, fish and aquatic organisms, 
foods, wild and domesticated animals, invertebrate species, insects and 
natural soils. A general overview of Aeromonas spp. distribution in the 
environment is presented in Fig. 3. 
 
 
Fig. 3. The functional and environmental range of Aeromonas spp. The Aeromonas history 
has led to the evolution of different traits and lifestyles with significant overlap among 
species. (Image modified from Silby et al., 2011 [185]) 
  
 
Earlier studies indicated that the first three Aeromonas genomospecies (A. 
hydrophila, A. caviae, and A. veronii) are related for the vast majority (85%) to 
human infections and clinical isolations attributed to this genus [100], while 
A. salmonicida has been included as a predominant species in fish and water 
samples. In some studies, less frequently encountered species have been 
found to predominate in environmental samples, such as A. schubertii in 
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organic vegetables [132]. However, the data published during the last years 
do not support these findings overall. For newly described species, such as A. 
rivuli, A. taiwanensis, A. sanarellii, no data exist on their relative distributions 
in the environment outside their initial taxonomic description, and limited 
data are available on many other taxa described since 2004. 
 
1.3.1 Aeromonas and the Aquatic Environment 
The main reservoir of the genus Aeromonas has always been the aquatic 
environment with isolates from rivers, lakes, ponds, seawater (estuaries), 
drinking water, groundwater, wastewater and sewage in various stages of 
treatments [104]. Concentrations of aeromonads in these sites have been 
reported to vary from lows of <1 CFU/ml (groundwater, drinking water and 
seawater) to highs of 108 CFU/ml or more (crude sewage or domestic sewage 
sludge) [83]. Aeromonas is a primarily freshwater resident, but it can also be 
recovered from estuaries, as free-living bacteria or in associations with 
crustaceans. Estuaries are ideally suited for aeromonads, since salinity 
concentrations are lower than in the deeper regions of the ocean. Within the 
aquatic environment, the role of Aeromonas as a causative agent of fish 
disease has been known for decades, much longer than their role in causing 
systemic illnesses in humans. Although many species have been isolated from 
diseased fish [130], there are two major groups that are recognized as mainly 
involved in fish diseases. A. salmonicida causes fish furunculosis, especially in 
salmonids and the disease has several presentations, from an acute form 
characterised by septicaemia with haemorrhages at the bases of fins, 
inappetence and melanosis to a chronic variety in older fish, consisting of 
lethargy, slight exophtalmia and haemorrhaging in muscle and internal 
organs [16]. The second group comprises mesophilic species (A. hydrophila 
and A. veronii) which have also been linked to major fish kills around the 
globe over the past two decades, resulting in enormous economic losses. 
They cause a similar assortment of diseases, including hemorrhagic 
septicaemia in carp, perch, catfish and salmon, red sore disease in bass and 
carp and ulcerative infections in catfish, cod, carp and goby [105]. It is 
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important to note that A. hydrophila is the most known Aeromonas species 
and misidentifications with other taxa by the commonly used phenotypic 
methods are frequent; thus, this might not always be the species involved in 
the fish kills mentioned above. 
Aeromonas species were also recognized as important pathogens in natural 
disaster situations, such as hurricanes and typhoons. Water samples taken 
from the New Orleans Superdome and Charity Hospital post-Hurricane 
Katrina detected Aeromonas at concentrations of 106 to 107 CFU/ml [165]. In 
the tsunami that struck Thailand in December 2004, Aeromonas was the most 
common pathogen identified, accounting for 22.6% of all isolates recovered 
from 396 persons with skin and soft tissue infections [81]. 
Many studies have demonstrated the ability of Aeromonas to survive and 
grow in drinking water supplies and many factors that seem to affect the 
growth of Aeromonas in water distribution systems are the water 
temperature and free chlorine. The bacterium can resist to water treatment 
strategies such as rapid/slow sand filtration, hyperchlorination/direct 
filtration and the use of granular activated carbon. Studies indicated that 
after disinfection with 1 mg/l of chlorine, 10% of the pipes had aeromonads 
and that A. hydrophila in biofilms could survive up to 0.6 mg/l of 
monochloramine, which could remove E. coli biofilms [23, 27, 100]. The 
significance of Aeromonas species in drinking water is still unknown in 
relationship to cases of gastroenteritis [131], but some studies reported that 
the chronic exposure of immunocompromised persons to Aeromonas via 
contaminated water could potentially lead to septicaemia [119]. The 
resistance mechanisms and the various virulence factors of Aeromonas spp., 
together with their prevalence in drinking water, reinforce the need to 
examine the health risk of this water-borne pathogen to better define the 
quality guidelines for drinking water [153]. As a result, this organism is 
included in the “Contaminant Candidate List” by the EPA [223]. The World 
Health Organization lists Aeromonas in the third edition of Guidelines for 
Drinking-Water Quality [227]. On the basis of the Consumer Confidence 
Report Rule, public water systems are required to report unregulated 
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contaminants, such as Aeromonas, when detected [49]. Moreover, the 
presence of aeromonads in water supplies poses risk factors for the 
transmission of these bacteria to food products such as ready-to-eat 
vegetables.  
Uyttendaele et al. [207] observed that decontamination with a lactic acid 
solution, and not chlorine, showed the highest potential to reduce Aeromonas 
spp. and to guarantee prolonged shelf-lives of fresh-cut vegetables.  
 
1.3.2 Aeromonas and Animals 
In addition to the aquatic organisms, aeromonads are also implicated in 
infections of terrestrial vertebrates [137] and other hosts, including insects. 
The presence of Aeromonas species in animals has been documented through 
different lines: surveys of the fecal and gastrointestinal content of farm and 
domesticated animals; surveys of the microbial content of retail foods, 
including meats, poultry and dairy products; reports of epizootic infections 
caused by aeromonads in susceptible species. They can also cause a variety of 
serious illnesses in both cold-blooded and warm-blooded animals. Such 
conditions include ulcerative stomatitis in snakes and lizards, “red leg” 
disease in frogs, septicemia in dogs, and septic arthritis in calves [72]. Finally, 
Aeromonas spp. have been implicated in several infectious processes in seals 
[202] and as a cause of seminal vesiculitis in bulls [137]. The cumulative data 
strongly suggest that animals are a very frequent reservoir for the 
transmission of Aeromonas species in the environment. 
 
1.3.3 Aeromonas  and Food 
It has been documented that the colonization of the human gastrointestinal 
tract by aeromonads is most likely a result of the consumption of food and 
drinking water containing Aeromonas spp.. Actual sourced foodborne 
outbreaks are few, but epidemiological evidence suggests that the bacterium 
causes self-limiting diarrhea, especially in children. Many studies were 
conducted to determine both the frequency and concentration of Aeromonas 
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spp. in food products (Table 3) from supermarkets and retail stores [94] and 
it has been observed that aeromonads are inhabitants of most types of food, 
from seafood to vegetables, meats (lamb, veal, pork, chicken, ground beef) 
and dairy products [148]. Their presence in foods can lead to spoilage 
reactions, but in some products, such as milk, they can reach high 
concentrations (up to 108 CFU) without any detectable organoleptic changes 
[113]. 
Aeromonas importance in food bacteriology is due to their strong adaptive 
capacity, their high lipolytic and proteolytic action and their surviving ability 
at wide ranges of temperatures and pH that make this genus able to grow on 
any food matrix. Moreover, some strains produce thermostable toxins and 
can survive in some processed food. Aeromonas strains can be recovered 
from foods stored at -20°C for considerable periods (years) and it has been 
demonstrated that A. hydrophila resists to 5% NaCl [177] at specific 
temperatures. Their capacity to grow at low pH values or high NaCl 
concentrations may represent a risk in ready-to-eat products where 
acidifications techniques are used for food conservation [114]. 
Acetic, lactic, tartaric, citric, sulphuric and hydrochloric acids are effective at 
restricting growth [3] and polyphosphates can also control their growth in 
certain foods [150]. Overall,  Aeromonas grow as well as anaerobically as they 
do aerobically, their growth under modified atmospheres depends on the 
nature and number of competing microflora, and the use of modified 
atmospheres to extend shelf lives of packaged meats and fresh vegetables 
may enables aeromonads to grow to high populations [20, 21]. In the 
majority of the studies, the isolates were recovered after enrichments 
techniques rather than direct plating, indicating that Aeromonas 
concentrations were relatively low [104]. While initial counts in food ranged 
from <102 to >105 CFU/g at 5°C, after 7 days at refrigeration temperature 
Aeromonas concentration increased 1 to 3 log as most aeromonads are 
psychrotrophic.    
As already reported, Aeromonas presence has been documented in almost all 
types of food [104]. Since their main reservoir is the aquatic environment, 
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they have been isolated from several seafood species and the most common 
Aeromonas species found were A. salmonicida, A. bestiarum, A. veronii and A. 
encheleia. Their frequent presence in these food matrices represent again a 
potential risk seen the actual trend of eating raw seafood.  
Aeromonas is frequently found in vegetables, especially in ready-to-eat salads 
that are usually consumed without washing. The type of vegetables seems to 
influence the Aeromonas growth rate (more than the type of the atmosphere 
present), with more rapid growth occurring on shredded endive and lettuce 
than on sprouts or grated carrots [95].  
A work conducted at the University “Federico II” of Naples on 320 food 
products revealed the presence of Aeromonas in 46% of samples, mostly 
vegetables (45% lettuce, 40% endive, 15% rocket) but also on dairy products 
(45% ricotta cheese) and meat (25% salami and raw ham). A. hydrophila was 
the most common species isolated from food of animal origin, while A. caviae 
was mostly found in vegetables [213]. 
However, Aeromonas spp. are readily killed by heat treatment or irradiation 
[3, 143, 149, 166], but they are resistant to chlorination processes and to 
multiple antibiotics.  
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Table 3. List of the major studies regarding the isolation of Aeromonas spp. in food. 
Identification Matrix References 
Phenotypic and Molecular 
(16S rRNA, aerolysin) 
Milk [161] 
Biochemical and Molecular 
(16S rDNA-RFLP) 
Frozen thawed fish [34] 
Phenotypic 
(GSP, Aeromonas agar, standard count 
agar, enterohaemolysin agar) 
and Molecular (aerA e hlyA) 
Raw fish [205] 
Phenotypic and Molecular 
 
Ready-to-eat foods 
( Vegetables, Meats, Seafoods) 
[141] 
Phenotypic and Biochemical 
 
Ready-to-eat Vegetables [132] 
Phenotypic (Aeromonas medium), 
Biochemical and Molecular 
(SDS-page) 
Ready-to-eat Salads [218] 
Phenotypic (Aeromonas medium), 
Biochemical (API 20NE) 
Meats, Seafoods, Vegetables, 
Dairy products 
[74] 
Molecular (16S rRNA, aerolysin) Chicken, Fish [162] 
Phenotypic Ready-to-eat Vegetables [207] 
Molecular (PFGE) 
Ready-to-eat Meats, Seafoods, 
Vegetables, Dairy products 
[213] 
Biochemical (API 20E) Raw vegetables, Meats [144] 
Phenotypic and Molecular (Review) 
Meat, dairy products and 
vegetables 
[196] 
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   1.4  Aeromonas and Humans 
From 1954, when Aeromonas was first associated with the death of a 40-
year-old- woman in Jamaica [33],  to the present date, the role of this 
bacterium in human colonization and infection is still very debated [102]. 
Although Aeromonas does not belong to the human enteric flora, it has been 
demonstrated that it is present in 1% of the adult people [26] and this values 
increases to 3% in warm periods and up to 30% in developing nations. 
Since Aeromonas spp. are ubiquitous bacteria, the association with humans 
could easily happen. Most available data suggest that the majority of 
mesophilic isolates are acquired via contact with contaminated drinking 
water or through the ingestion of foods that are naturally exposed to 
aeromonads through irrigation processes or other “farm-to-table” 
operations. In addition, bivalves such as oysters and mussels are naturally 
bathed in estuary waters containing these bacteria, and through their filter-
feeding process, they actually concentrate these bacteria within their meats.  
 
 Fig. 4. Environmental pathways by which Aeromonas species potentially cause infection or 
colonization in humans (Image taken from Janda and Abbott, 2010 [104]) 
 
19 
Aeromonads can also be contracted by other, but mostly rare, routes. 
Recreational activities such as boating, fishing and diving can lead to 
infection through major or unapparent traumas, as can near-drowning events 
[25, 35, 215] (Fig. 4). Moreover, as urban extension continues to increase 
over rural environments, the potential for Aeromonas infections arising from 
zoonotic origins (snake, reptils, etc) may become more frequent [12, 115]. To 
date,  the exact incidence of Aeromonas infections on a global basis is 
unknown and many human cases may be asymptomatic or not reported. 
In 1988, California became the first state to make Aeromonas infections 
reportable. Based upon data collected from 219 patients in a 12-month 
period, the incidence of Aeromonas infections was 10.6 per million 
population, with wound infections estimated to be 0.7 per million population 
[35, 111]. Aeromonas infections, however, are no longer reportable in 
California. In 2006, 99 Aeromonas infections were reported in 70 hospitals in 
France; this represents a prevalence of 1.62 infections per million population, 
a value much lower than that reported in the California study [117]. 
Aeromonas bacteremia in England and Wales is a voluntarily reportable 
condition and 82 cases of Aeromonas bacteremia were recorded in 2004. 
Based upon these data, it has been calculated that the incidence of Aeromonas 
septicemia in England/Wales and the United States is 1.5 per million 
population. Clearly, both values are minimum estimates, since many cases 
either go undetected or are not reported. 
It has been observed that Aeromonas  species implicated as causes of human 
colonizations and infections are not restricted to a single genomospecies [6] 
and it seems that an association between some Aeromonas species and their 
effects on humans exists (Table 4). Among the 25 spp. identified to date, A. 
hydrophila, A. caviae, A. veronii and A.  jandaei are most commonly associated 
with humans and account for more than 85% of all clinical isolates [97].  
While Aeromonas was originally thought to be an opportunistic pathogen in 
immune-compromised humans, an increasing number of cases of Aeromonas-
associated intestinal and extra-intestinal disease documented worldwide 
seem to suggest it is an emerging human pathogen irrespective of the host’s 
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immune status [62]. To date, it is described as bona fide enteropathogen, but 
it is not universally accepted as a pathogen bacterium [104]. However, 
Aeromonas spp. has been isolated from several cases of human infections and 
are described as responsible of several intestinal and extraintestinal diseases 
and syndromes, ranging from relatively mild illnesses such as acute 
gastrointestinal to life-threatening conditions, including septicemia, 
necrotizing fasciitis and myonecrosis [99]. On the basis of isolation 
frequency, Aeromonas clinical infections fall into four categories: 
- gastrointestinal tract syndromes 
- wound and soft tissue infections 
- bloodborne dyscrasias 
- other infectious processes 
 
 
Table 4. Aeromonas species and their main related effects in humans 
Effect on Humans Species 
Bacteriemia A. veronii biovar sobria 
Leechs therapy A. veronii biovar sobria 
Gastroenteritis 
A. hydrophila                                                             
A.veronii  
A. caviae                                                     
A. jandaei 
Dysentery 
A.veronii biovar sobria                                                 
A. caviae (children)                                          
Faeces without  
clinical significance 
A. media 
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1.4.1 Aeromonas in Gastroenteritis 
The gastrointestinal tract is by far the most common anatomic site from 
which aeromonads are recovered [104]. In recent years the incidence of 
gastroenteritis due to Aeromonas spp. has increased significantly [70].  Cases 
of diarrhea associated to the presence of aeromonads are a worldwide 
phenomenon seen either in industrialized and developing nations and 
affecting all age groups. 
Yet, there is no real proof that unquestionably establishes Aeromonas as a 
true gastrointestinal pathogen and this is mainly due to the failure to 
indentify a single clonally related outbreak of diarrhea caused by these 
bacteria and to detect an immune-specific response in human serum. Another 
reason of the problematic role of aeromonads in human infections is the 
inability to fulfill Henle-Koch postulates [52]. Postulate 3 requires that the 
potential pathogen be fully isolated from the body and grown in pure culture, 
and it must proved that “it can induce the disease anew”. To date, there is no 
animal model which can faithfully reproduce the Aeromonas-associated 
diarrheal syndrome, although many attempts have been made [108]. 
Aeromonas is mainly isolated from stool of patients affected by diarrhea but 
was also found in the stools of 1% to 4% of asymptomatic individuals [82]. 
Morgan and colleagues [136] reproduced an in vivo model of Aeromonas 
infection challenging volunteers with high concentrations (up to 1010 CFU) of 
five A. hydrophila strains, but none of them produced colonization or 
deleterious effects in volunteers and only 2 of 57 individuals (3.5%) 
developed diarrhea. One hypothesis was that the five Aeromonas tested 
might not have been “virulent” strains, but one of them was a CDC (Centers 
for Disease Control and Prevention) diarrheal isolate. It is still possible that a 
critical virulence factor is lost upon in vitro passage, although there is no 
current evidence that supports this hypothesis. It has also been presumed 
that the failure to unquestionably link Aeromonas to gastroenteritis was 
because of the complicated taxonomy of the genus, but this was clarified 
during the last year so it no longer appears to be the case. However, there are 
cases in literature where Aeromonas was the unique strain isolated from 
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faeces in patients affected by gastroenteritis [100], but still the fact that a 
clonally defined outbreak has yet to be confirmed and that no animal model 
exists are perplexing [104]. In some instances the role that aeromonads play 
in the disease process is clouded by the coisolation of other enteric 
pathogens [75, 96]. An hypothesis that seems to be the most reliable so far 
suggests the possibility that the pathogenicity of Aeromonas spp. relies on the 
presence of specific virulence factors in the genome and of particular 
conditions in hosts that favor the onset of the disease (i.e. 
immunocompromised patients, persons with hematologic cancers, tumors of 
the gastrointestinal tractor other underlying pathological anomalies of the 
alimentary canal). Gastroenteritis can clinically present as a severe form 
accompanied by bloody stools, in association with episodic traveler’s 
diarrhea but the most common presentation is as secretory (watery) enteritis 
[62, 82, 96].  
 
1.4.2 Aeromonas in Skin and Soft Tissue Infections 
Aeromonas spp. can be associated with a variety of skin and soft tissue 
infections, from mild topical problems to serious infections. Such illnesses are 
often a direct consequence of traumatic occupational injuries or unexpected 
exposures via recreational activities (swimming, fishing and football) [99, 
117]. In terms of incidence, wound infections are much less frequent than 
gastroenteritis and, while the overall incidence of Aeromonas infections in 
USA was approximately 10 per million population (when reported), wound 
infections were estimated to be 0.7 per million population. 
 
1.4.3 Aeromonas in Blood-borne Infections 
Another disease form associated with Aeromonas is septicemia, but the vast 
majority (>80%) of cases are seen in persons who are severely 
immunocompromised or have underlying complications (i.e. diabetes 
mellitus, renal problems, cardiac anomalies and various other hematologic 
conditions) [42, 99, 133, 178, 201]. There are no clinical features 
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distinguishing Aeromonas septicemia from those caused by other gram-
negative bacteria and the most common symptoms include fever, jaundice, 
abdominal pain, septic shock and dyspnea. In most cases, Aeromonas is the 
unique microbe isolated and when polymicrobic septicemia occurs, 
Aeromonas infections are most often in association with Escherichia coli, 
Klebsiella pneumonia and Staphylococcus aureus [118, 204]. Aeromonas 
septicemia has been reported, in some instances, as a consequence of leech 
therapy in males suffering from crush injuries, accidental amputations or 
plastic surgery [53, 60, 78].  Medicinal leeches are often used to relieve 
venous congestion and since leeches harbor aeromonads symbiotically, they 
may represent a risk of infection associated with such procedures.  
 
1.4.4 Aeromonas and Other Infections 
Aeromonads were occasionally isolated from respiratory tract secretions 
from several hospitalized patients, but, in most cases, these isolates have 
been regarded to represent transient colonization only [100]. The most 
frequent respiratory complication associated with Aeromonas spp. is 
pneumonia, especially in near-drowning events and respiratory failure 
conditions [107, 138]. Finally, Aeromonas species have been occasionally 
implicated in eye [110, 158] and urogenital tract [84, 85] infections. 
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   1.5 Pathogenicity 
As already discussed, it is presently unknown if all or most aeromonads 
recovered from clinical cases (especially stools) cause symptoms, which 
microbial factors are decisive in the infectious process and why these factors 
are not exclusively associated with a subset of recognized “pathogenic 
strains”. Such reasons make it unfeasible to determine which genetic 
characteristics may be important in Aeromonas infections. The species 
involved in the vast majority of systemic infections in humans are A. 
hydrophila, A.caviae and A. veronii [98, 100]; however, environmental studies 
indicate that, while these species may be relatively common in some ecologic 
niches, they are not the predominant species in drinking water and in foods, 
suggesting that the overall process of disease production in a susceptible host 
involves, at least in part, selection of strains with certain characteristics that 
favour infections [24]. One of the problematic issue in understanding the 
pathogenicity of Aeromonas concerns either the fact that this genus produces 
an impressive array of virulence factors and also the lack of consensus on 
standardization of terminology regarding these factors between different 
research groups [38].   
 
 
Fig. 5. Virulence factors produced by Aeromonas spp. and their effects on host cells. [40] 
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Aeromonas spp. produce several extracellular products that fall into several 
broad categories, including cytolytic toxins with haemolytic activity, 
cytotonic enterotoxins haemolysins, lipases, proteases, leukocidins, 
phospholipases, fimbriae or adhesions and the capacity to form capsules [39, 
66] (Fig. 4).  
Silver and collaborators identified several classes of genes that play 
important roles in colonization of the leech digestive tract, including bacterial 
cell surface modifications, regulatory factors, nutritional elements and genes 
involved in the type three secretion systems (TTSS). Mutants in specific 
genes, such as the gene encoding a cytoplasmatic membrane component of 
TTSS, compete less efficiently against wild-type strains in colonization of the 
leech’s crop [186, 187]. Aeromonas spp. produce a wide range of proteases, 
which cause tissue damage and aid in establishing an infection by 
overcoming host defences and by providing nutrients for cell proliferation 
[154]. Lipases secreted by Aeromonas may also constitute virulence factors 
by interacting with human leukocytes or by affecting several immune 
functions through fatty acids generated by lipolytic activity. Two factors 
thought to play intimate roles especially in colonization of gastrointestinal 
tract are flagella and pili. Aeromonas produces two types of flagella, a 
constitutively expressed polar flagellum (Pof) and multiple inducible lateral 
flagella (Laf) which are respectively involved in the initial attachment of 
bacteria to the gastrointestinal epithelium and in cell adherence, long-term 
colonization and biofilm formation [67]. Biofilm development may also be 
regulated by quorum-sensing that appears to act in concert with TTSS to 
regulate the expression of the Aeromonas enterotoxins, as its production 
increased when bacterial cell density increased [184]. The cytotonic 
enterotoxin Act/Asa is a pore-forming toxin, also known as aerolysin AerA 
[182]: it was originally isolated from a diarrheal isolate of A. hydrophila [37] 
and was subsequently determined to possess a variety of biological activities, 
including haemolysis, cytotoxicity and enterotoxicity and to cause lethality in 
mice [61]. While it is clear that Act induces extensive host cell signalling (it 
stimulates proinflammatory responses by increased cytokine production 
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through elevated tumor necrosis factor, IL-1β and IL-6 levels [38]), it is 
unknown how the toxin exerts the effects [48]. Another well characterised 
toxin (AHH1) belongs to the family of β-haemolysins and has a high sequence 
homology to the HlyA haemolysin of Vibrio cholerae [101]. These toxins are 
also name Act- and aerolysin-like molecules and are enterotoxigenic 
cytolysins. Many Aeromonas strains possess a surface layer (S-layer), which 
resists complement-mediated killing of the organism by impeding 
complement activation [39]. It seems that the set of bacterial virulence 
factors and host responses that eventually lead to Aeromonas-associated 
diseases are ill defined [40]. Regarding gastrointestinal diseases, aeromonads 
can apparently produce diarrhea by elaboration of enterotoxigenic molecules 
and/or by invasion of the gastrointestinal epithelium. At least two cytotonic 
toxins have been identified: a heat-labile cytotonic enterotoxin (Alt) and a 
heat-stable cytotonic enterotoxin (Ast) [182]. Invasins have also been 
reported, but they are difficult to detect in vitro [104]; some studies 
suggested that only a fraction of Aeromonas strains are invasive [45] and the 
degree of invasion is considerably less than the observed for classic 
enteropathogens, such as E. coli or Yersinia enterocolitica [67]. The gene 
encoding enolase was also found in A. hydrophila strains recovered from 
stools [183]. Enolase is a glycolytic enzyme whose surface expression was 
shown to be important in the pathogenesis of S. pyogenes-associated 
rheumatic fever [151]. It was suggested that the surface expression of 
enolase occurs only in gram-positive bacteria [151, 183] but Chopra and 
collaborators demonstrated the ability of this protein to bind human 
plasminogen, potentially indicating an important role during Aeromonas 
infections [40].  The TTSS includes several factors with multiple biological 
functions and the gene AexT, a homolog of Pseudomonas aeruginosa TTSS-
secreted ExoT/S, was detected in some Aeromonas isolates [30], but no 
information is available on its role in bacterial virulence using in vivo models 
[40]. Another well-known TTSS  gene is ascV that codes for an inner- 
membrane component of the TTSS channel. 
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TagA has been described as a new virulence factor found in a A. hydrophila 
isolate from diarrhea and only present in pathogens as E. coli O157:H7 and  
V. cholera; its role seems to be related to the inhibition of the classical 
complement-mediated lysis of the erythrocytes but, even in V. cholera, its 
function in pathogenesis is speculative [40].  
There is a large number of unresolved questions regarding the role of the 
potential virulence factors in Aeromonas infections also because some genes, 
such as act, are also found in species that are infrequently associated with 
human diseases (A. enteropelogenes, A. bestiarum) [123]. Moreover, it has 
often been demonstrated the enormity of the situation involving polygenic 
expression in both the pathogen and the host that influences the pathogenic 
mechanisms [55]. Thus, there is still much to be learned about Aeromonas 
virulence determinants and how they combine to result in the virulent 
subsets within each Aeromonas species that cause disease. At present, it is 
not possible to identify the disease-causing strains because of the incomplete 
understanding of Aeromonas virulence mechanisms. 
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   1.6 Aeromonas and Antimicrobial Susceptibility 
A particularly interesting area that has received little attention is the 
susceptibility of Aeromonas to antimicrobial agents. The studies regarding 
this topic reported mainly data on the three major species associated with 
human disease: A. hydrophila, A. caviae and A. veronii [106, 147]. However, 
little is known about other species and those patterns cannot be extrapolated 
to them. The overall susceptibility profile for the genus Aeromonas does not 
appear to have changed appreciably from what was recorded in studies 
conducted between the mid-1980s and mid-1990s [104]. Inducible 
chromosomal β-lactamases are still the major resistance mechanism for most 
aeromonads, although the expression of metallo-β-lactamases active against 
carbapenems is also a concern [101, 220]. A work conducted by Verner-
Jeffreys and colleagues at Cefas (Centre for Environment, Fisheries and 
Aquaculture Sciences, Weymouth United Kingdom) characterised the 
antimicrobial resistance of 94 Aeromonas isolates from warm and cold water 
ornamental fish species using microarray analysis and conventional PCR 
[211]. A surprisingly high level of antimicrobial tolerance was identified in 
the strains tested. 50% of the Aeromonas spp. isolates were tolerant to more 
than 15 antibiotics, representing seven or more different classes of 
antimicrobial. The quinolone and fluoroquinolone resistance gene was 
detected at high frequency, although it has been reported that Aeromonas 
strains are almost universally susceptible to fluoroquinolones [104]. 
Resistance has been also observed to the carbapenems, imipenem, 
chloramphenicol and florfenicol. Moreover, tetracyclines were particularly 
widespread across all screened isolates. The susceptibility status of 
Aeromonas isolates for therapeutically active drugs appears to be 
independent of species designation. While some species-specific 
susceptibility differences have been found, these results should be 
considered preliminary at present [106, 147]. It also seems that any 
significant differences in the susceptibilities of aeromonads to antimicrobial 
agents appears based upon origin of isolation (clinical versus 
environmental), although certainly more studies need to be performed in this 
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area [106]. The general susceptibility profile of the genus Aeromonas for 
class-specific antibiotics is reported in Table 5. 
 
Table 5. General susceptibility profiles for most clinically relevant Aeromonas isolates [104]. 
Susceptibility profile 
(% of isolates) 
Antibiotic family 
Susceptible (90-100) 
Aminoglycosides 
Carbapenems 
Cephalosporins 
Macrolidesg 
Monobactams 
Nitrofurans 
Penicillinsi 
Phenicols 
Quinolones 
Tetracyclines 
 
Variable (70-90) 
Aminoglycosidesa 
Antifolatesc 
Cephalosporinsd                                          
Resistant (<70) Antifolatesb 
Cephalosporins 
Penicillinse 
Macrolidesf 
 
 
 
 
 
 
 
 
 
 
 
 
 
aTobramycin; bSulfamethoxazole; cTrimethoprim-sulfamethoxazole; dCefoxitin; 
eAmoxicillin, ampicillin, ampicillin-sulbactam, ticarcillin. f Clarithromycin. g 
Azithromycin. h Oxacillin, penicillin. i Azlocillin, piperacillin, piperacillin-tazobactam. j 
Percentages of susceptible isolates were derived from references [101, 106, 147, 212, 
220] 
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   1.7 Aeromonas and Laboratory Identification 
1.7.1 Microbiological Isolation and Identification 
Isolation of Aeromonas spp. from clinical and environmental sources is 
relatively simple. Aeromonads grow well on routine enteric isolation media 
(MacConkey, XLD, HE, SS and DC media), except for lactose-negative isolates 
that must be differentiated from commonly isolated pathogens such as 
Salmonella and Shigella [104]. Different media have been tested in laboratory 
for Aeromonas isolation and identification.  
Cefsulodin-irgasan-novobocin (CIN) agar is commonly used for Yersinia 
isolation and has been found to support the growth of Aeromonas. Like 
Yersinia, Aeromonas forms a bull’s eye-like colony due to fermentation of D-
mannitol (Fig. 6). Usually, Citrobacter spp. are the only normal faecal flora 
that grow on CIN and their colony morphology is similar to that of Yersinia 
and Aeromonas. Because of false-negative reactions due to acid produced by 
fermentation of D-mannitol, an oxidase test which readily separates 
Aeromonas from Yersinia and citrobacters cannot be performed directly from 
CIN agar. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Typical morphology of Aeromonas colonies on CIN agar: bull’s-eye-like colony with 
transparent edge. 
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Ampicillin Blood Agar (ABA) has the advantage over CIN in that haemolytic 
colonies can readily be tested for oxidase, but ABA is useful only for the 
recovery of Aeromonas and if the screening is based on haemolysis, 
approximately 10% of Aeromonas will be missed because they are 
nonhaemolytic. In addition, on ABA all the ampicillin-sensitive-isolates, such 
as most of A. enteropelogenes strains, would be inhibited [104]. 
Glutamate Starch Phenol Red (GSP) Agar is used for detection of 
Pseudomonas and Aeromonas in foodstuffs, wastewater and equipment in 
food industry. GSP is a red colour medium due to the presence of a pH 
indicator (phenol red). It contains L-glutamate as source of essential 
nutrients and starch is the source of carbon. The selectivity of the medium is 
improved by the addition of the antibiotic penicillin G and the antimicotic 
pimaricin. The medium is based on the ability of Aeromonas to utilize starch 
with the subsequent production of acid, detected by the pH indicator: phenol 
red changes from red to yellow colour under acidic conditions (Fig. 7). 
Pseudomonas does not utilize starch and therefore does not form yellow 
colonies. Thus, Aeromonas colonies appear yellow, smooth, 2-3 mm diameter 
and surrounded by a yellow ring, whilst Pseudomonas spp. appear 2-3mm 
diameter, pink and surrounded by a red-violet ring. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Typical morphology of Aeromonas colonie on GSP agar: yellow colony surrounded by 
a yellow ring cause by the acidification reaction. 
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Another medium that allows the discrimination between Aeromonas and 
Pseudomonas is Aeromonas Starch DNA Agar Base (AE), a selective medium 
for primary isolation of  Aeromonas which appears to superior to CIN agar 
[10]. In this medium, Aeromonas colonies appear smooth, rounded, dull-
yellow and surrounded by a clarification ring due to the starch hydrolysis, 
that allows the differentiation between Aeromonas and Pseudomonas (Fig. 8).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Typical morphology of Aeromonas colonies on AE agar. 
 
Microbiological methods are clearly needed for bacteria isolation, but they 
are frequently used also for species identification, although several molecular 
techniques are available to correctly assess the species of Aeromonas. 
However, identification of Aeromonas to the species level can be very 
challenging. Very few clinical laboratories are able to identify the clinically 
significant species of this genus beyond complexes or groups using 
microbiological techniques [104]; for example, it can be difficult to separate 
A. veronii bv. sobria from A. hydrophila or they may be confused with other 
genera, such as Vibrio and Plesiomonas. 
In addition, commercial systems, such as API20E, Vitek, BBL Crystal, were 
found to incorrectly identify Aeromonas species [1, 99, 145, 152, 193] as 
strains are both incorrectly identified to the species level or misidentified as 
Vibrio spp. which may represent a serious public health problem.  
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The addition of some new specific characteristics to commercial tests would 
help to decrease confusion with other genera, but these are not tests 
routinely available in clinical laboratories [104].  
 
1.7.2 Molecular Identification 
In the last decade, biomolecular methods became the general trend in 
bacteria species identification. DNA-based molecular methods have become 
more popular and widely acceptable due to their reproducibility, simplicity, 
and high discriminatory power [164]. Unfortunately, it is not the case of 
Aeromonas principally because of the controversial taxonomy but also 
because of the low frequency of human Aeromonas infections and the 
common preference for routinely used microbiological tests.  
Several molecular methods for discriminating Aeromonas species have been 
applied in the last decade. 16S rRNA gene sequencing represents the most 
commonly utilized molecular technique for this purpose [103]. However, it 
was found to be problematic for bacteria characterisation [5]. Regarding 
Aeromonas, the problem is essentially twofold and involves either species 
identification and further characterisation. The first reason involves the 
limited intragenomic heterogeneity reported for the 16S rRNA genes and 
suggesting that a single-gene-based identification approach may not be 
appropriate for characterising this bacterial genus [135]. The second issue 
regards the mosaic evolution of the rrn operon and actually constitutes the 
opposite problem: some Aeromonas species present a peculiar intragenomic 
heterogeneity of rrn nucleotide polymorphisms [8, 135]. One example is A. 
veronii which contains 6 copies of 16S rRNA that may differ from one another 
by up to 1.5%. Such large sequence difference precludes its use for a 
definitive Aeromonas species identification [104]. DNA-DNA hybridization is 
still recognized as the gold standard in the description and validation of 
bacterial species, but, in the case of Aeromonas species, it has been reported 
that it does not correlate well with other methods, such as 16S rRNA 
sequencing [135]. Other molecular techniques have been widely applied to 
Aeromonas spp., including Random Amplification Of Polymorphic DNA 
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(RAPD), Enterobacterial Repetitive Intergenic Consensus (ERIC) PCR, Pulsed 
Field Gel Electrophoresis (PFGE) and Amplified Fragment Length 
Polymorphism (AFLP) [36, 88 – 91, 169]. However, the majority of these 
methods are very laborious, not reproducible and, in most cases, do not give 
discriminatory results [125, 180]. In addition, results from diverse 
techniques are difficult to share within different laboratories, making data 
difficult to compare. The analysis of housekeeping genes and Multilocus 
Sequence Typing (MLST) techniques became very popular since its first 
application, in 1998, by Maiden and colleagues [122]. MLST has become a 
widely used molecular method for bacteria characterisation and it is highly 
practical, reproducible and results can be easily shared within different 
laboratories. The genus Aeromonas has been subjected to different molecular 
analyses using either one or few housekeeping genes and also to MLST 
analyses with 6 or more genes [128, 130, 171]. It has been demonstrated the 
superior discrimination ability of these methods over microbiological 
techniques with regards to species identification, but, at present date, the 
latter methods seem to be more practical for routinely use. This, again, could 
be due to the rarity of Aeromonas clinical strains isolated from human cases, 
but there may be occasions where molecular fingerprinting of Aeromonas 
isolates will be required to determine strains relatedness. These could 
include recurrent infections, temporal clusters of isolates in a medical unit, or 
linking an individual infection to an environmental source. One of the more 
promising ways for characterising bacteria, solving many nomenclature and 
taxonomy issues, could be the future use of full-genome sequencing and 
microarray analysis [140, 181], but they are still expensive and the amount of 
output data is often excessive for the scope. 
The main objectives of this work were to develop a molecular approach to 
characterise the genus Aeromonas at species level, to solve the taxonomic 
issues regarding specific taxa and to evaluate the species distribution among 
different environments, in order to potentially identify a species-host 
connection. 
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2. MATERIALS AND METHODS 
 
The present study was divided in two phases: an initial work based on the 
development of the MLST and its application on a preliminary collection of 
Aeromonas strains isolated from aquatic organisms and a second phase 
characterised by the extension of the developed MLST for the typing of 
isolates from ready-to-eat (RTE) foods and from human cases with the aim to 
identify a potential connection within the species found in the different 
environments. The MLST scheme was first developed on a collection of 100 
Aeromonas strains: 23 reference and type strains and 77 field strains and was 
finally applied on a total of 258 strains. 
 
   2.1 Bacterial Strains  
2.1.1 Strains Isolated from Fish, Crustaceans and Molluscs 
In the first part of the work, 23 reference and type strains were selected to 
develop the MLST scheme comprising the 15 major taxa of the genus 
Aeromonas (A. hydrophila, A. bestiarum, A. salmonicida, A. caviae, A. media, A. 
eucrenophila, A. sobria [sensu stricto], A. veronii [two biovariants], A. jandaei, 
A. schubertii, A. enteropelogenes, A. encheleia, A. allosaccharophila, A. popoffii, 
and A. sharmana) [127]. The reference and type strains presented different 
origins and source of isolation: they were mostly isolated from fish but 4 of 
them had human origin (Table 7). 
A collection of 77 field strains isolated between 1999 and 2009 was received 
from the Istituto Zooprofilattico delle Venezie (Adria – RO, Italy) and first 
analysed. Approximately 93.5% of the samples were derived from specimens 
of diseased freshwater and marine fish, and the remaining fraction was 
isolated from crustaceans (3.9%) and molluscs (2.6%) collected in the Veneto 
region in the northeast of Italy.  
 
 
 
 
36 
2.1.2 Food Sampling and Strains Isolation 
The number of RTE products that would have been processed for Aeromonas 
isolation was calculated according to the prevalence of Aeromonas spp. 
reported in the literature, using the software WinEpiscope 2.0 [203].  
Thirty-four samples of RTE products were finally analysed (Table 6). The 
sampling was conducted between May 2010 and November 2011 among 
large scale retail trade producers and in Sushi Take Away stores of Padua 
(Italy). The collected samples were transported to the laboratory in 
refrigerated containers (+4°C) and analysed within 2 hours from the 
collection time. Aseptically, 25 g of food were added to 225 ml of buffered 
peptone water (BPW, Bioko diagnostics), homogenized using a stomacher 
(PBI International, Milan, Italy) and left at room temperature (22°C) for 1h. 
Consecutively, we proceeded with the isolation step (see “Phenotypic 
characterisation” paragraph below). 
 
2.1.3 Strains Isolated from Human Cases of Disease 
A total of 28 Aeromonas strains of human origin were included in the second 
part of the study and they comprised 24 reference strains chosen among the 
CECT (Colección Española De Cultivo Tipo) collection and 4 strains were 
recovered from ‘Santa Maria della Misericordia’ Hospital (Rovigo, Italy).   
The clinical implications of the strains, i.e. whether they were involved in an 
infectious process or in a host colonization, were specified according to the 
available information. 
 
2.1.4 Additional Strains 
Finally, 75 Aeromonas strains were downloaded from the Aeromonas MLST 
database (www.pubmlst.org/aeromonas) on the date 15th December 2012 
and included in the MLST analysis. They comprised 23 strains isolated from 
human gastroenteritis in China and sent by the Chinese Center for Disease 
Control and Prevention (Beijing, China) and 52 strains of animal origin sent 
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by College of Biotechnology, Tianjin University of Science & Technology 
(Tianjin, China). 
 
 
Table 6. List of the RTE food products sampled in this study 
Sample Food Matrix Food Type Origin Year 
424 Ricotta cheese 
D
A
I
R
Y
 P
R
O
D
U
C
T
S
 
Large scale Retails 2011 
437 Ricotta cheese Large scale Retails 2011 
603 Ricotta cheese Large scale Retails 2010 
653 Buffalo mozzarella Large scale Retails 2010 
672 Buffalo mozzarella Large scale Retails 2010 
673 Buffalo mozzarella Large scale Retails 2010 
674 Buffalo mozzarella Large scale Retails 2010 
775 Buffalo mozzarella Large scale Retails 2010 
776 Buffalo mozzarella Large scale Retails 2010 
777 Buffalo mozzarella Large scale Retails 2010 
778 Buffalo mozzarella Large scale Retails 2010 
779 Buffalo mozzarella Large scale Retails 2010 
801 Buffalo mozzarella Large scale Retails 2010 
817 Ricotta cheese Large scale Retails 2010 
829 Ricotta cheese Large scale Retails 2010 
425 Soy bean 
V
E
G
E
T
A
B
L
E
S
 
Large scale Retails 2011 
438 Cabbage Large scale Retails 2011 
602 Mixed salad Large scale Retails 2011 
655 Mixed salad Large scale Retails 2010 
780 Mixed salad Large scale Retails 2010 
802 Mixed salad Large scale Retails 2010 
803 Mixed salad Large scale Retails 2010 
815 Rocket Large scale Retails 2011 
816 Valerian Large scale Retails 2011 
828 Carrot Large scale Retails 2011 
426 Mussel 
S
E
A
F
O
O
D
 
Sushi Take Away 2011 
439 Molluscs Sushi Take Away 2011 
654 Salmon Sushi Take Away 2010 
761 Sashimi Large scale Retails 2011 
762 Sashimi Large scale Retails 2011 
763 Sea bass Large scale Retails 2011 
818 Shrimps Sushi Take Away 2011 
819 Sea bass Sushi Take Away 2011 
820 Tuna Sushi Take Away 2011 
 
 
The complete list of the 258 strains included in the study is presented in 
Table 7.  
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Table 7. Origins and typing data of the Aeromonas strains analysed in the first phase (A) and in the second phase (B) of the study. 
 
Reference/Type 
Strains 
Species 
 
Source 
 Alleleb 
Additional informationc 
ST gyrB groL gltA metG ppsA recA 
CECT 4199T A. allosaccharophila Anguilla anguilla (eel) I 13 14 13 14 13 13 13 
NCIMB 1134 A. bestiarum Rainbow trout  4 5 4 5 4 4 4 
DSM 13956T A. bestiarum Infected Fish ND 8 9 8 9 8 8 8 
CECT 838T A. caviae Epizootic of young guinea pigs I 12 13 12 13 12 12 12 
NCIMB 882 A. caviae Goldfish (Crassius auratus)  3 4 3 4 3 3 3 
DSM 11577T A. encheleia Healthy eel in fresh water I 7 8 7 8 7 7 7 
CECT 4487T A. enteropelogenes Human Faeces ND 18 20 19 20 19 17 19 
CECT 4255T A. enteropelogenes  Human Faeces ND 16 18 17 18 17 16 17 
DSM 17534T A. eucrenophila Fresh water fish ND 9 10 9 10 9 9 9 
CECT 4228T A. jandaei Faeces from patient with diarrhea ND 14 15 14 15 14 14 14 
ATCC 7966T A. hydrophila Milk - 1 1 1 1 1 1 1 
CECT 398 A. hydrophila Human faeces of a child with diarrhea  11 12 11 12 11 11 11 
DSM 4881T A. media Fish farm effluent - 6 7 6 7 6 6 6 
DSM 19604T A. popoffii Drinking water - 10 11 10 11 10 10 10 
NCIMB 1109 A. salmonicida achromogenes Diseased sea trout, Salmo trutta  - 3 2 3 2 0 2 
NCIMB 2020 A. salmonicida masoucida Masou, Oncorhynchus sp. I - 2 2 3 2 0 2 
NCIMB 1102T A. salmonicida salmonicida Atlantic salmon  2 2 2 2 2 2 2 
DSM 17445T A. sharmana Warm spring  - 82 - - - - - 
CECT 4240T A. schubertii Forehead abscess I 15 16 15 16 15 15 15 
CECT 4245T A. sobria Fish ND 19 21 20 21 20 18 20 
NCIMB 75 A. sobria Diseased freshwater fish  5 6 5 6 5 5 5 
CECT 4257T A. veronii biogroup veronii Sputum of drowning victim I 17 19 18 19 18 16 18 
CECT 4246 A. veronii biogroup sobria Infected frog – red leg disease  - 17 16 17 16 0 16 
Field Strains 
Phenotypic attribution to the complex 
levela 
Source/organ  
       Ae 1 sobria-veronii European catfish (Ameiurus melas) / Kidney  H1W2S1 20 22 21 22 21 19 20 
Ae 2 hydrophila  Rainbow trout (Oncorhynchus mikiss) / Kidney H1W1S1 21 23 22 23 22 20 21 
Ae 3 sobria-veronii Rainbow trout (Oncorhynchus mikiss) / Kidney H1W1S2 22 24 23 24 23 21 22 
Ae 4 sobria-veronii Sea bass (Dicentrarchus labrax) / Kidney H3W2S2 23 25 24 25 24 22 23 
Ae 5 sobria-veronii Sturgeon (Acipenser sp.) / Kidney H1W2S2 24 26 25 26 25 23 24 
Ae 6 hydrophila Northern pike (Esox lucius ) / Kidney H1W2S3 25 27 26 27 26 24 25 
Ae 7 sobria-veronii Trout (Salmo trutta) / Kidney H1W1S3 26 28 27 28 27 25 26 
Ae 8 sobria-veronii European catfish (Ameiurus melas) / Kidney H1W2S3 27 29 28 17 21 26 27 
Ae 9 hydrophila Crayfish (Procambarus clarkii) /  hemolymph H1W2S4 28 30 29 29 28 27 28 
Ae 10 sobria-veronii Carp (Cyprinus carpio) / Kidney H1W2S3 29 31 30 30 29 28 29 
Ae 11 sobria-veronii Carp (Cyprinus carpio) / Kidney H1W2S4 30 24 31 31 30 29 30 
Ae 12 sobria-veronii Carp (Cyprinus carpio) / Kidney H1W2S4 31 25 32 32 31 3o 31 
Ae 13 sobria-veronii European grayling (Thymallus thymallus) / Kidney H1W1S4 32 26 33 33 32 31 33 
Ae 14 sobria-veronii Arctic char (Salvelinus alpinus) / Kidney H1W1S4 33 32 34 34 33 32 34 
Ae 15 sobria-veronii Arctic char (Salvelinus alpinus) / Kidney H1W1S4 34 33 35 35 34 33 35 
A 
3
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Ae 16 hydrophila Rainbow trout (Oncorhynchus mikiss) / Kidney H1W1S4 35 34 36 36 35 34 36 
Ae 17 sobria-veronii Trout (Salmo trutta) / Kidney H1W1S1 36 35 37 37 36 35 37 
Ae 18 sobria-veronii Eel (Anguilla anguilla) / Kidney H2W2S4 37 36 38 38 37 36 38 
Ae 19 hydrophila Carp (Cyprinus carpio) / Kidney H1W2S1 2 2 2 2 2 2 2 
Ae 20 sobria-veronii Carp (Cyprinus carpio) / Kidney H1W2S1 38 37 39 39 38 37 39 
Ae 21 sobria-veronii Goldfish (Carassius auratus) / Spleen H1W2S2 39 38 40 40 39 38 40 
Ae 22 caviae –media Sturgeon (Acipenser sp.) / Kidney H1W2S2 40 39 41 41 40 39 41 
Ae 23 sobria-veronii Goldfish (Carassius auratus) / Kidney H1W2S3 41 40 42 42 41 40 42 
Ae 24 sobria-veronii Carp (Cyprinus carpio) / Kidney  H1W2S3 42 41 43 43 42 41 43 
Ae 25 sobria-veronii Goldfish (Carassius auratus)/ Spleen H1W2S3 43 42 44 44 43 42 44 
Ae 26 sobria-veronii Arctic char (Salvelinus alpinus)/ Liver H1W1S3 44 43 45 45 27 43 45 
Ae 27 hydrophila Arctic char (Salvelinus alpinus) / Spleen H1W1S3 45 44 46 46 44 44 46 
Ae 28 caviae –media Goldfish (Carassius auratus) / Spleen H1W2S3 46 45 47 47 45 45 47 
Ae 29 sobria-veronii Sturgeon (Acipenser sp.) / Kidney H1W2S3 47 46 48 48 46 46 48 
Ae 30 sobria-veronii Channel catfish (Ictalurus punctatus) / Kidney H1W2S3 48 47 49 49 47 47 49 
Ae 31 hydrophila Trout (Salmo trutta) / Kidney H1W1S3 2 2 2 2 2 2 2 
Ae 32 sobria-veronii European catfish (Ameiurus melas) / Liver H1W2S3 49 48 50 50 48 48 50 
Ae 33 sobria-veronii European catfish (Ameiurus melas) / Liver H1W2S3 50 49 51 51 49 49 51 
Ae 34 sobria-veronii Carp (Cyprinus carpio) / Liver H1W2S3 51 50 52 50 50 50 52 
Ae 35 sobria-veronii European catfish (Ameiurus melas) / Kidney H1W2S4 52 51 53 52 51 51 53 
Ae 36 sobria-veronii Rainbow trout (Oncorhynchus mikiss) / Kidney H1W1S4 53 52 54 31 52 52 54 
Ae 37 hydrophila Carp (Cyprinus carpio) / Kidney H1W2S4 54 14 55 14 53 53 13 
Ae 38 sobria-veronii Rainbow trout (Oncorhynchus mikiss) / Kidney H1W1S4 55 53 56 53 54 54 55 
Ae 39 sobria-veronii Sea bream (Sparus aurata) / Kidney H3W2S1 56 54 57 54 55 55 56 
Ae 40 sobria-veronii Trout (Salmo trutta) / Kidney H1W1S1 38 37 39 39 38 37 39 
Ae 41 hydrophila Trout (Salmo trutta) / Kidney H1W1S1 57 9 58 55 8 56 57 
Ae 42 sobria-veronii Goldfish (Carassius auratus) / Kidney H1W2S1 58 55 59 56 56 57 58 
Ae 43 hydrophila Rainbow trout (Oncorhynchus mikiss) / Kidney H1W1S1 59 56 60 57 57 58 59 
Ae 44 sobria-veronii Rainbow trout (Oncorhynchus mikiss) / Kidney H1W1S1 60 57 61 58 58 59 60 
Ae 45 hydrophila Rainbow trout (Oncorhynchus mikiss) / Kidney H1W1S1 38 37 39 39 38 37 39 
Ae 46 hydrophila Trout (Salmo trutta) / Kidney H1W1S1 2 2 2 2 2 2 2 
Ae 47 sobria-veronii Rainbow trout (Oncorhynchus mikiss) / Kidney H1W1S1 61 58 62 59 59 60 61 
Ae 48 sobria-veronii Carp (Cyprinus carpio) / Kidney H1W2S2 62 38 63 60 60 61 62 
Ae 49 sobria-veronii European perch (Perca fluviatilis) / Kidney H1W2S2 63 59 64 61 61 62 63 
Ae 50 sobria-veronii Carp (Cyprinus carpio) / Kidney H1W2S2 64 60 65 62 62 63 64 
Ae 51 hydrophila Crayfish (Procambarus clarkii)/ hemolymph H1W2S3 65 61 66 63 63 64 65 
Ae 52 sobria-veronii Crayfish (Procambarus clarkii)/ hemolymph H1W2S3 66 62 67 64 64 65 66 
Ae 53 sobria-veronii Carp (Cyprinus carpio) / Kidney H1W2S3 67 38 40 40 39 66 40 
Ae 54 sobria-veronii Crayfish (Procambarus clarkii)/ hemolymph H1W2S3 68 63 68 65 65 67 67 
Ae 55 sobria-veronii Manila Clam (Ruditapes philippinarum) / Foot H3W2S2 69 64 69 66 66 68 68 
Ae 56 sobria-veronii Freshwater mussel (Anodonta sp.) / Foot H1W2S3 70 65 70 67 67 69 69 
Ae 57 sobria-veronii Sea bass (Dicentrarchus labrax) / Kidney H3W2S1 71 66 71 68 68 70 70 
Ae 58 hydrophila Carp (Cyprinus carpio) / Kidney H1W2S1 72 67 72 69 69 71 71 
Ae 59 sobria-veronii Sea bass (Dicentrarchus labrax) / Kidney H3W2S3 23 25 24 25 24 22 24 
Ae 60 sobria-veronii Eel (Anguilla anguilla) / Kidney H2W2S3 73 68 73 70 70 72 11 
Ae 61 hydrophila Flathead grey mullet (Mugil cephalus) / Kidney H2W2S4 74 69 74 71 71 73 72 
Ae 62 hydrophila Sea bream (Sparus aurata) / Kidney H3W2S1 75 70 75 72 72 74 73 
Ae 63 hydrophila Rainbow trout (Oncorhynchus mikiss) / Kidney H1W1S2 76 71 76 73 73 75 74 
3
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Ae 64 sobria-veronii Chub (Leuciscus cephalus)/ Skin H2W2S2 77 66 77 74 74 76 75 
Ae 65 hydrophila Carp (Cyprinus carpio)/ Skin H1W2S2 78 72 78 75 44 77 76 
Ae 66 sobria-veronii Carp (Cyprinus carpio)/ Skin H1W2S2 79 73 79 76 75 78 77 
Ae 67 sobria-veronii Rainbow trout (Oncorhynchus mikiss)/ Brain H1W1S2 80 14 80 14 13 79 78 
Ae 68 atypical Rainbow trout (Oncorhynchus mikiss) /Brain H1W1S3 81 74 81 77 76 80 79 
Ae 69 sobria-veronii Trout (Salmo trutta) / Kidney H1W1S3 82 75 82 78 20 81 80 
Ae 70 sobria-veronii Trout (Salmo trutta) / Kidney H1W1S3 83 76 83 39 77 82 81 
Ae 71 sobria-veronii European perch (Perca fluviatilis)/ Kidney H1W2S3 84 77 84 79 78 83 82 
Ae72 hydrophila European catfish (Ameiurus melas)/ Liver H1W2S4 85 78 85 80 79 84 83 
Ae 73 sobria-veronii Rainbow trout (Oncorhynchus mikiss)/ Skin H1W1S4 86 79 86 81 80 85 84 
Ae 74 sobria-veronii Sea bream (Sparus aurata)/ Brain H3W2S3 87 66 87 82 81 86 85 
Ae 75 sobria-veronii European perch (Perca fluviatilis) / Kidney H1W2S3 87 66 87 82 81 86 85 
Ae 76 sobria-veronii Rainbow trout (Oncorhynchus mikiss)/ Eyes H1W1S3 88 80 88 83 82 87 86 
Ae 77 sobria-veronii Tench (Tinca tinca)/ Spleen H1W2S4 89 81 89 84 83 88 87 
 
 
 
 
 
Reference Strains Species 
 
Source 
 Alleleb 
 ST gyrB groL gltA metG ppsA recA 
CECT4220 A. allosaccharophila Faeces from patient with diarrhea  165 141 150 146 144 150 145 
CECT4258 A. veronii Faeces from patient with diarrhea  166 19 18 19 18 17 18 
CECT4259 A. veronii Faeces from patient with diarrhea  167 142 151 147 145 151 146 
CECT4813 A. jandaei Faeces from patient with diarrhea  168 15 152 148 146 152 147 
CECT4815 A. jandaei Faeces from patient with diarrhea  169 143 153 149 147 153 148 
CECT4904 A. veronii Faeces from patient with diarrhea  170 68 154 150 148 154 149 
CECT4906 A. veronii Faeces from patient with diarrhea  171 144 155 151 149 155 150 
CECT4907 A. veronii Faeces from patient with diarrhea  172 145 156 152 150 156 151 
CECT4908 A. veronii Faeces from patient with diarrhea  173 146 157 153 151 157 152 
CECT4910 A. veronii Faeces from patient with diarrhea  174 147 158 154 152 158 153 
CECT4911 A. allosaccharophila Faeces from patient with diarrhea  175 146 159 155 153 159 154 
CECT4912 A. allosaccharophila Faeces from patient with diarrhea  176 54 57 54 154 160 56 
CECT4936 A. enteropelogenes Faeces from patient with diarrhea  177 148 160 156 155 108 155 
CECT4937 A. enteropelogenes Faeces from patient with diarrhea  178 149 19 157 156 161 156 
CECT5233 A. bestiarum Faeces from patient with diarrhea  179 150 161 158 157 162 157 
CECT5237 A. caviae Faeces from patient with diarrhea  180 151 162 159 158 163 158 
CECT5241 A. caviae Faeces from patient with diarrhea  181 152 163 96 159 164 159 
CECT5743 A. hydrophila subsp. dhakensis Faeces from patient with diarrhea I 182 132 164 160 160 165 160 
CECT5744 A. hydrophila subsp. dhakensis Faeces from patient with diarrhea  183 153 165 161 161 166 161 
CECT5745 A. hydrophila subsp. dhakensis Faeces from patient with diarrhea  184 132 166 162 162 167 162 
CECT7403 A. taiwanensis Human Wound  185 154 167 163 163 168 163 
CECT7083 A. tecta Faeces from patient with diarrhea  186 155 168 164 164 169 164 
CECT5864 A. molluscorum Wedge shells (Donax trunculus)  187 156 169 165 165 170 165 
CECT7402 A. sanarellii Human Wound  
       
B 
4
0
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Field Strains 
  
Additional informationd 
       2 
 
Faeces from patient with diarrhea  90 82 90 85 84 89 90 
4 
 
Faeces from patient with diarrhea  91 83 91 86 85 90 91 
5 
 
Faeces from patient with diarrhea  92 84 92 87 86 91 92 
7 
 
Faeces from patient with diarrhea  93 85 93 88 87 90 93 
8 
 
Faeces from patient with diarrhea  94 86 94 89 88 92 94 
9 
 
Faeces from patient with diarrhea  95 86 94 90 88 92 95 
10 
 
Faeces from patient with diarrhea  96 87 95 91 89 90 96 
11 
 
Faeces from patient with diarrhea  97 87 96 92 90 93 97 
12 
 
Faeces from patient with diarrhea  98 88 97 93 91 94 98 
13 
 
Faeces from patient with diarrhea  99 89 98 94 92 95 99 
14 
 
Faeces from patient with diarrhea  100 90 99 92 93 95 100 
15 
 
Faeces from patient with diarrhea  101 91 100 92 94 96 101 
16 
 
Faeces from patient with diarrhea  102 92 101 95 95 93 102 
17 
 
Faeces from patient with diarrhea  103 93 102 96 96 97 103 
18 
 
Faeces from patient with diarrhea  104 94 103 97 97 98 104 
19 
 
Faeces from patient with diarrhea  105 95 104 98 98 99 105 
20 
 
Faeces from patient with diarrhea  106 96 105 99 99 100 106 
21 
 
Faeces from patient with diarrhea  107 85 104 98 87 101 107 
22 
 
Faeces from patient with diarrhea  108 97 106 100 100 102 108 
23 
 
Faeces from patient with diarrhea  109 98 107 88 101 103 109 
25 
 
Faeces from patient with diarrhea  110 99 108 101 102 104 110 
26 
 
Faeces from patient with diarrhea  111 85 93 88 87 105 111 
28 
 
Faeces from patient with diarrhea  112 88 109 102 103 106 112 
QL01 
 
Carp (Cyprinus carpio)  113 100 110 103 104 107 113 
QL03 
 
Brackish Water  114 54 57 54 105 108 114 
QL07 
 
Yellow croaker (Pseudosciaena polyactis)  115 101 111 104 106 109 115 
QL16 
 
Silver carp (Hypophthalmichthys molitrix)  116 23 112 105 55 64 116 
QL102 
 
Bovine Milk  117 102 113 102 107 110 117 
QL303 
 
Grass carp (Ctenopharyngodon idellus)  118 103 114 107 108 111 118 
QL402 
 
Grass carp (Ctenopharyngodon idellus)  119 104 115 108 109 112 119 
CD11 
 
Whiteleg shrimp (Penaeus vannamei)  120 105 116 109 110 113 120 
LSB2 
 
Silver carp (Hypophthalmichthys molitrix)  121 22 117 110 111 114 121 
LSJ1 
 
Goldfish (Carassius auratus)  122 106 118 111 112 67 122 
LSY1 
 
Bighead carp (Hypophthalmichthys nobilis)  123 107 119 112 113 115 123 
MB-3 
 
Orbfish (Ephippus orbis)  124 108 120 113 114 116 124 
MJ 
 
Goldfish (Carassius auratus)  125 109 121 114 115 117 125 
ML-2 
 
Carp (Cyprinus carpio)  126 110 122 115 116 118 126 
MY-1 
 
Bighead carp (Hypophthalmichthys nobilis)  127 22 117 56 117 119 127 
TL2 
 
Carp (Cyprinus carpio)  128 111 124 116 118 120 128 
TW2 
 
Wuchang Bream (Megalobrama amblycephala)  129 112 125 117 119 121 129 
LCB2 
 
Silver carp (Hypophthalmichthys molitrix)  130 113 126 118 120 122 130 
LCJ1 
 
Goldfish (Carassius auratus)  131 114 127 119 121 123 131 
MB 
 
Orbfish (Ephippus orbis)  132 115 128 120 117 124 132 
MB-1 
 
Orbfish (Ephippus orbis)  133 116 129 121 122 125 133 
MB-2 
 
Orbfish (Ephippus orbis)  134 117 130 122 123 126 134 
MJ-1 
 
Goldfish (Carassius auratus)  135 118 42 123 113 40 135 
4
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MJ-2 
 
Goldfish (Carassius auratus)  136 115 117 124 117 114 136 
MJ-3 
 
Goldfish (Carassius auratus)  137 115 117 120 117 124 137 
MJ-4 
 
Goldfish (Carassius auratus)  138 97 128 56 117 127 138 
ML-1 
 
Carp (Cyprinus carpio)  139 119 131 51 124 128 139 
MY 
 
Bighead carp (Hypophthalmichthys nobilis)  140 22 117 56 117 129 140 
CH13 
 
Whiteleg shrimp (Penaeus vannamei)  141 120 96 125 125 130 141 
MY-2 
 
Bighead carp (Hypophthalmichthys nobilis)  142 121 132 126 126 131 142 
MY-4 
 
Bighead carp (Hypophthalmichthys nobilis)  143 122 133 127 127 132 143 
S13 
 
Brackish Water  144 123 134 128 128 110 144 
SA 
 
Grass carp (Ctenopharyngodon idellus)  145 124 135 129 129 133 145 
SA-1 
 
Grass carp (Ctenopharyngodon idellus)  146 125 136 130 130 134 146 
SJ 
 
Whiteleg shrimp (Penaeus vannamei)  147 122 137 131 131 135 147 
SJ1 
 
Goldfish (Carassius auratus)  148 115 117 56 117 136 148 
SJ-1 
 
Goldfish (Carassius auratus)  149 126 138 132 132 137 149 
SL1 
 
Goldfish (Carassius auratus)  150 127 139 133 133 40 150 
SL2 
 
Carp (Cyprinus carpio)  151 128 140 134 134 138 151 
SY 
 
Carp (Cyprinus carpio)  152 129 141 135 135 139 152 
SY-1 
 
Carp (Cyprinus carpio)  153 130 142 136 136 140 153 
TB1 
 
Carp (Cyprinus carpio)  154 131 143 137 137 141 154 
TB2 
 
Bighead carp (Hypophthalmichthys nobilis)  155 132 144 99 138 100 155 
TB-2 
 
Bighead carp (Hypophthalmichthys nobilis)  156 133 145 138 139 142 156 
TJ-1 
 
Orbfish (Ephippus orbis)  157 134 125 139 140 143 157 
TL-1 
 
Orbfish (Ephippus orbis)  158 109 119 140 113 144 158 
TW1 
 
Orbfish (Ephippus orbis)  159 135 146 141 119 145 159 
TY1 
 
Orbfish (Ephippus orbis)  160 136 141 142 141 146 160 
TY2 
 
Goldfish (Carassius auratus)  161 137 147 143 142 147 161 
TY-2 
 
Goldfish (Carassius auratus)  162 138 139 133 133 40 162 
TY-3 
 
Carp (Cyprinus carpio)  163 139 148 144 143 148 163 
TY-4 
 
Carp (Cyprinus carpio)  164 140 149 145 64 149 164 
Ae78 
 
Faeces from patient with diarrhea I 189 158 102 96 96 172 167 
Ae79 
 
Faeces from patient with diarrhea I 190 159 171 167 154 173 168 
Ae80 
 
Human wound I 191 160 172 168 167 174 169 
Ae81 
 
Faeces from patient with diarrhea I 192 161 100 169 168 175 170 
Ae82 
 
Mixed Salad VAT 193 162 173 170 169 176 171 
Ae83 
 
Salmon (RTE) FAT 194 163 102 96 159 177 158 
Ae84 
 
Salmon (RTE) FAT 195 164 3 171 170 178 172 
Ae85 
 
Salmon (RTE) FCT 196 165 102 96 159 179 173 
Ae86 
 
Salmon (RTE) FAT 197 166 174 172 171 180 174 
Ae87 
 
Salmon (RTE) FAT 198 167 175 173 172 181 175 
Ae88 
 
Salmon (RTE) FCT 199 32 176 174 173 182 176 
Ae89 
 
Mixed Salad VGT 200 168 177 175 174 183 177 
Ae90 
 
Mixed Salad VGT 201 169 178 176 175 184 178 
Ae91 
 
Salmon (RTE) FGT 202 170 179 177 94 185 179 
Ae92 
 
Mixed Salad VAT 203 171 3 178 176 186 180 
Ae93 
 
Mixed Salad VAT 204 172 180 179 176 187 181 
Ae94 
 
Mixed Salad VAT 205 126 181 22 177 188 182 
Ae95 
 
Mixed Salad VGT 206 173 182 180 178 189 183 
Ae96 
 
Mixed Salad VGT 207 78 85 80 179 90 149 
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Ae97 
 
Mixed Salad VGT 208 174 86 181 63 190 184 
Ae98 
 
Mixed Salad VGT 209 174 183 181 63 190 184 
Ae99 
 
Mixed Salad VCT 210 175 184 182 180 191 47 
Ae100 
 
Mixed Salad VGT 211 176 185 183 181 192 185 
Ae101 
 
Mixed Salad VGT 212 177 186 184 182 193 186 
Ae102 
 
Mixed Salad VGT 213 178 187 185 183 194 187 
Ae103 
 
Ricotta cheese DGT 214 179 188 186 184 195 188 
Ae104 
 
Soybean VGT 215 180 189 187 185 196 189 
Ae105 
 
Soybean VGT 216 181 190 188 186 197 190 
Ae106 
 
Mussel FGT 217 102 191 189 187 198 191 
Ae107 
 
Ricotta cheese DGT 218 182 192 190 188 199 192 
Ae108 
 
Ricotta cheese DGT 219 183 193 191 189 200 193 
Ae109 
 
Ricotta cheese DGT 220 184 194 192 190 201 194 
Ae110 
 
Ricotta cheese DGA 221 185 195 193 191 202 195 
Ae111 
 
Salmon (RTE) FGT 222 186 196 194 192 64 196 
Ae112 
 
Sea bass (RTE) FGT 223 187 197 89 193 163 197 
Ae113 
 
Rocket  VGT 224 188 162 195 194 203 198 
Ae114 
 
Rocket  VGT 225 189 198 196 195 204 199 
Ae115 
 
Valerian (RTE) VGT 226 190 199 184 196 205 200 
Ae116 
 
Ricotta cheese DGT 227 191 200 197 197 206 201 
Ae117 
 
Ricotta cheese DGT 228 151 96 198 198 97 94 
Ae118 
 
Ricotta cheese DGA 229 192 201 199 199 207 202 
Ae119 
 
Shrimp (RTE) FGT 230 193 162 168 167 163 158 
Ae120 
 
Shrimp (RTE) FGT 231 194 202 200 96 208 203 
Ae121 
 
Shrimp (RTE) FGT 232 193 203 168 167 163 158 
Ae122 
 
Shrimp (RTE) FAT 233 195 204 92 200 209 204 
Ae123 
 
Sea bass (RTE) FGT 234 196 6 7 6 6 6 
Ae124 
 
Sea bass (RTE) FGT 181 152 163 96 159 164 159 
Ae125 
 
Sea bass (RTE) FGT 235 194 94 96 96 208 205 
Ae126 
 
Sea bass (RTE) FGT 236 197 205 201 201 111 206 
Ae127 
 
Sea bass (RTE) FGT 237 198 206 96 94 210 207 
Ae128 
 
Sea bass (RTE) FGT 238 199 207 202 202 163 208 
Ae129 
 
Sea bass (RTE) FGT 239 200 202 203 203 211 203 
Ae130 
 
Sea bass (RTE) FAT 240 201 208 204 167 212 205 
Ae131 
 
Ricotta cheese DGT 241 202 192 205 204 213 209 
Ae132 
 
Ricotta cheese DGT 242 196 6 7 205 6 210 
Ae133 
 
Ricotta cheese DGT 243 203 209 174 206 214 211 
Ae134 
 
Ricotta cheese DGA 244 204 210 206 207 215 212 
Ae135 
 
Ricotta cheese DCT 245 183 211 207 208 216 213 
Ae136 
 
Ricotta cheese DCT 246 205 115 208 209 217 214 
Ae137 
 
Ricotta cheese DGT 247 206 94 89 159 218 159 
Ae138 
 
Ricotta cheese DGT 248 207 212 92 159 219 215 
Ae139 
 
Ricotta cheese DGT 249 208 213 209 210 179 216 
Ae140 
 
Ricotta cheese DGA 250 209 156 210 145 220 151 
a The phenotypic groups names were assigned according to the proposed attribution provided by Khajanchi et al.[109], using the keys of identification previously described [2, 
31]; b STs and alleles were determined by MLST. c I= infections; C= colonization; ND= not determined;  - = not applicable; H= habitat (1: freshwater;2: brackish water;3: marine) ; 
W= Water (1: cold water; 2: warm water); S= Season (1= Winter; 2= Spring; 3= Summer; 4= Autumn) d V = Vegetables; F = Fish; D = Dairy products; G = isolated on GSP media; C 
= isolated on CIN media; A = isolated on AE media; A = Atypical colonies; T = Typical colonies; RTE = Ready-to-eat. 
4
3
 
 
44 
   2.2 Phenotypic Characterisation  
2.2.1 Strains Isolated from Fish, Crustaceans and Molluscs 
The 77 field isolates analysed in the first part of the study were previously 
characterised at the genus level with the following phenotypic traits: they are 
Gram negative, oxidase positive, have facultative anaerobic metabolism, 
show resistance to O/129 (150 g) (Oxoid discs), perform glucose 
fermentation on a Kligler iron agar (KIA) slant and were presumptively 
confirmed by a miniaturized API-20E system (bioMerieux, Inc., Hazelwood, 
MO). In this trial, nonmotile strains were also included and assigned to an A. 
salmonicida group (A. hydrophila complex) that grows at lower temperatures 
(22°C) and produces a brownish pigment, named pyomelanin. The 77 field 
strains were then tested for 31 phenotypic traits. The incubation was 
conducted at 28°C [208] except for growth tests, which were conducted at 
42°C and 4°C. The media used for biochemical analysis were inoculated from 
overnight tryptone soy broth (TSB) cultures. The following tests were 
applied in this study: motility, production of diffusible brown pigment on 
tryptic soy agar (TSA), catalase, gelatin salt (3%) liquefaction, Voges-
Proskauer test, ornithine and lysine decarboxylase activity, arginine 
dihydrolase activity, requirement of salt (0 and 3% [wt/vol] NaCl in tubes), 
gas production from D-glucose in Durham tubes, indole production in 
tryptone tryptophan media (TTM), growth on TCBS plates (Oxoid), acid 
production from the carbohydrates D-mannitol, sucrose, and Larabinose [2], 
hydrolysis of esculin and starch, lecithinase and phospholipase activities and 
proteolytic activity on egg yolk agar, citrate utilization, urease production, 
cephalothin and ampicillin susceptibility by the Bauer-Kirby method [31],  
β-hemolysis in blood sheep agar, Kligler iron agar slant to detect lactose 
utilization, and gas and hydrogen sulfide production. A qualitative screening 
for AHLs on agar plates was conducted according to the methods of Ravn and 
colleagues [168] with the Chromobacterium violaceum CV026 monitor strain. 
Most tests were recorded daily with a 48-h endpoint as suggested by Abbott 
and colleagues [2] for clinical laboratories. Antibiotic resistance, AHL 
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production, and catalase were read at day 1, while growth at 42°C or 4°C was 
read at 7 days. A first biochemical classification of Aeromonas spp. as 
members of the A. hydrophila complex, A. caviae-A. media complex, and A. 
sobria-A. veronii complex was conducted according to previous literature [2, 
31, 109] and is reported in Table 7A.  
 
2.2.2 Strains Isolated from Food 
Preliminary microbiological analyses 
In order to perform a reliable isolation and identification of Aeromonas 
strains from food products and to avoid false positive and false negative 
results, 3 different microbiological media were used to test their selectivity 
towards this genus:  
- Cin Agar Base (CIN, Biolife)  
- Aeromonas Starch DNA Agar Base (AE, Biolife) 
- Pseudomonas Aeromonas Selective Agar Base (GSP, Merck). 
The 16 Aeromonas type strains and the 2 reference strains (NCIMB 1109 and 
CECT 4246) reported in Table 7B were included in this evaluation analysis 
together with a Pseudomonas aeruginosa strain as negative control. The 
strains were revitalized in TSB (Tryptic Soy Broth), a nutrient and 
enrichment medium which allows the growth of several different bacterial 
genera, especially common aerobic and facultative anaerobic bacteria. The 
strains were incubated at 30°C for 24h and then streaked on the different 
media. 
Isolation of strains from food products 
After the homogenization of the food products, samples were subjected to 
qualitative and quantitative determination of Aeromonas spp. presence. First, 
the quantitative approach was conducted: serial tenfold dilutions of each 
sample were prepared in 10 mL of physiological solution and seeded in 
Aeromonas Starch DNA Agar Base (Biolife), CIN Agar Base (Biolife) and GSP 
Agar (Pseudomonas Aeromonas Selective agar Base, Merck). The plates were 
incubated at 30°C for 24-48h. For the qualitative approach, the homogenized 
 
46 
sample was incubated at 30°C for 24h (pre-enrichment step) and then plated 
out on the three selective media. The plates were incubated at 30°C for 24-
48h. For each medium used in the quantitative approach, a total of 10 
colonies (5 colonies with typical morphology and 5 colonies with atypical 
morphology) were selected, whilst a variable number of typical and atypical 
colonies were selected from the qualitative approach, depending on the 
morphology of the colonies grown on each plate. 
Biochemical analyses 
The selected colonies were subjected to a preliminary biochemical screening 
by Gram stain, oxidase test (Microgen® Strip Oxidase) and O/F 
(Oxidase/Fermentation) Glucose Media test (Hugh Leifson Base, Biolife) 
following the manufacturer’s instructions in order to discard the false 
positive colonies. The Gram-negative isolates that were O/F and oxidase 
positive were subjected to molecular analysis together with some atypical 
colonies. 
Figure 8 reports the practical flow of the microbiological activity and the 
phenotypic characterisation followed for the Aeromonas isolation from RTE 
foods. 
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 Fig. 8. Flow of the microbiological steps followed for the isolation and characterization of 
Aeromonas spp. from food products. 
Incubation
30°C – 24h 
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   2.3 Statistical Analysis of Phenotypic Traits, Virulence 
Factors and Environmental Information 
 As suggested by Valera and Esteve [208], the individual test error (Si2) was 
evaluated by examining 15 reference strains in duplicate (15% of the total 
strains), and the estimation of the average error probability (S2) was 
calculated according to the method proposed by Sneath and Johnson [190]. A 
hierarchical cluster analysis was performed on the phenotypic data set; the 
matrix of the results was scored with values 1 (positive) and 0 (negative) and 
analysed with the program R [226]. The dissimilarity distance matrixes for 
the variables were based on Gower’s coefficient [73] and Jaccard’s coefficient 
[11]; the method applied for clustering was unweighted-pair group 
mathematical averaging (UPGMA) [208]. The cophenetic correlation 
coefficient was applied to evaluate the distortion of the obtained 
dendrograms [192], and the identification of the phenotypic clusters was 
conducted [71]. The obtained phenotypic data were also submitted to the 
nonparametric combination (NPC) test methodology to define the statistical 
differences between the identified genetic clusters. As a general rule, 
considering a k-dimensional hypothesis-testing problem, the NPC solution 
was processed in two steps. First, a suitable set of k one-dimensional 
permutation tests, called partial tests, was defined. Each partial test 
examined the marginal contribution of any single response variable (e.g., 
phenotypic test) in the comparison between groups [155]. Second, the 
nonparametric combination of dependent tests into a second-order 
combined test, which was suitable for testing possible global differences 
between the multivariate distributions of groups (all phenotypic profiles), 
was performed. NPC test analysis was conducted with the free software NPC 
Test R10 [225], using 10,000 iterations. Partial P values were corrected for 
multiplicity and the global P values were obtained using the Tippet 
combining function. NPC permits a more flexible analysis in terms of both 
specification of the multivariate hypotheses and the nature of the involved 
variables; this approach is also useful when the number of variables is larger 
than the sample data set. Moreover, the NPC test methodology is proposed to 
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solve some multivariate problems, as in the case of different variable types 
(i.e., categorical and numeral variables) [156]. The same NPC test procedure 
was adopted for AHL production and for virulence factor patterns according 
to the Structure clustering. Multinomial logistic regression (MLR) analysis 
was also applied to study the association between Structure population 
groups and environmental information used as a set of independent 
categorical variables (SPSS 17.0; SPSS Inc., Chicago, IL). The predictors used 
were three categorical variables (habitat [3 levels], water [2 levels], and 
season [4 levels]). The additional information codes and the categorical levels 
for each variable are reported in Table ceppi. 
 
   2.4 Design Of Primers  
Six housekeeping genes (gyrB, groL, gltA, metG, ppsA, and recA) were chosen 
for the MLST analysis by using the following criteria: presence as a single 
copy in all strains, conservation of sequence, and wide distribution across the 
chromosome. Six genes (aexT, ascV, eno, ast, act-asa, and ahh1) were selected 
as potential markers of virulence. All of the available partial and full length 
sequences of the six Aeromonas housekeeping genes and of the Aeromonas 
aexT, ascV, and eno virulence genes were downloaded from the GenBank 
database and aligned by the ClustalW program [224]. Primers were designed 
from the most conserved regions by using Primer3 software [222], with a 
length of 19 to 25 nucleotides and, for MLST primers, with the constraint of 
displaying the same annealing temperature range. Primers for the 
amplification of ast, act-asa, and ahh1 were obtained from previous studies 
[112, 179, 217]. The complete list of genes analysed in this study and all 
primers used for PCR amplifications and sequencing is listed in Table 4.  
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Table 4.  Primers used for amplifications and sequencing  
Primer Sequence Gene product 
Size of PCR amplicon 
(bp) 
Size of the target 
sequence (bp) 
Annealing temperature 
(°C) 
Reference 
gyrB_F 
gyrB_R 
5’-GGGGTCTACTGCTTCACCAA 
5’-CTTGTCCGGGTTGTACTCGT 
DNA Gyrase, β subunit 669 477 59 This study 
groL_F 
groL_R 
5’-CAAGGAAGTTGCTTCCAAGG 
5’-CATCGATGATGGTGGTGTTC Chaperonin GroEL 782 510 56 This study 
gltA_F 
gltA_R 
5’-TTCCGTCTGCTCTCCAAGAT 
5’-GAAGATCACGGTGAACATGG 
 
Citrate synthase I 
 
626 
 
495 
 
58 
 
This study 
metG_F 
metG_R 
5’-TGGCAACTGATCCTCGTACA           5’-
TCTTGTTGGCCATCTCTTCC 
Methionyl-tRNA 
synthetase 657 504 57 This study 
ppsA_F 
ppsA_R 
5’-AGTCCAACGAGTACGCCAAC          5’-
TCGGCCAGATAGAGCCAGGT 
Phosphoenolpyruvate 
synthase 619 537 60 This study 
recA_F 
recA_R 
5’-AGAACAAACAGAAGGCACTGG      5’-
AACTTGAGCGCGTTACCAC Recombinase A 640 561 57 This study 
ahh1_F 
ahh1_R 
5’-GCCGAGCGCCCAGAAGGTGAGTT 
5’-GAGCGGCTGGATGCGGTTGT Extracellular hemolysin 130 - 60 [217] 
asa1_F 
asa1_R 
5’-TAAAGGGAAATAATGACGGCG 
5’-GGCTGTAGGTATCGGTTTTCG Hemolysin 249 - 56 [217] 
act_F 
act_R 
5’-AGAAGGTGACCACCAAGAACA 
5’-AACTGACATCGGCCTTGAACTC Cytotoxic enterotoxin 232 - 56 [112] 
ast_F 
ast_R 
5’-TCTCCATGCTTCCCTTCCACT 
5’-GTGTAGGGATTGAAGAAGCCG 
Heat-stable cytotonic 
enterotoxin 331 - 60 [179] 
ascV_F 
ascV_R 
5’-CTCGAACTGGAAGAGCAGAATG 
5’-GAACATCTGGCTCTCCTTCTCGATG 
T3SS inner membrane 
component 577 - 60 This study 
eno_F 
eno_R 
5’-CGCCGACAACAACGTCGACATC 
5’-CTTGATGGCAGCCAGAGTTTCG Enolase 598 - 60 This study 
aexT_F 
aexT_R 
5’-ATGCAGATTCAAGCAAACAC 
5’-TTGCCGATCCACTCTTTGAT ADP-ribosylating toxin 226 - 54 This study 
16S_F 
16S_R 
5’-TCCTACGGGAGGGCAGCAGT 
5’-GGACTACCAGGGTATCTAAT 16S rRNA 521 483 57 This study 
5
0
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   2.5 DNA Extraction  
For the DNA extraction of all the field strains, a single colony from a fresh 
culture was resuspended in 100 µl nuclease-free water, vortexed at high 
speed for 5 s, and incubated at 94°C for 10 min. The tube was vortexed again 
and centrifuged for 2 min at 14,000 rpm. The supernatant was transferred to 
a fresh tube and stored at -20°C.  
 
   2.6 PCR Amplifications 
2.6.1 Strains Isolated from Fish, Crustaceans and Molluscs 
During the first part of the work, the PCR amplifications were carried out on 
the 100 Aeromonas strains (77 field strains and 23 type and reference 
strains). The PCR reactions were performed in a Euroclone One Advanced 
thermal cycler (Celbio, Milan, Italy) in a final volume of 20 µl of amplification 
mix containing 1 U of GoTaq polymerase (Promega, Madison, WI), 1X GoTaq 
buffer, 1.5 mM MgCl2, 0.2 mM each deoxynucleoside triphosphate (dNTP), 
250 mM each primer and 5 ng of genomic DNA as template. For the 
amplification of the six housekeeping genes, conditions for direct sequencing 
without any additional purification of templates were used (0.1 mM dNTPs, 
0.02 mM both primers).  
The reaction mixture prepared for the first 100 Aeromonas strains was 
subjected to a touch-down PCR as follows: an initial step at 94°C for 2 min, 
followed by 35 cycles each of denaturation at 94°C for 10 s, annealing at 
changing temperatures (i.e., the temperature changed from 65°C to 60°C in 
0.5°C decrements during the first 10 cycles) for 30 s and extension at 72°C 
for 2 min.  
 
2.6.2 Strains Isolated from RTE Foods and Human Cases 
The second phase of the study was characterised by the amplification of the 
Aeromonas strains isolated from RTE foods and from human cases. Typical 
and atypical colonies selected after the microbiological isolation were 
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subjected to a preliminary PCR amplification using recA primers and negative 
results were then amplified using 16S rRNA gene primers. Consecutively, the 
strains identified as Aeromonas spp. were included in the MLST analysis. 
PCRs were performed in a 2720 Thermal Cycler (Applied Biosystems, Foster 
City, CA) with the same reagent concentrations of the PCRs previously 
reported. The reaction mixture prepared was subjected to an end-point PCR 
as follows: an initial step at 94°C for 2 min, followed by 35 cycles each of 
denaturation at 94°C for 20 s, 30s of annealing at different temperatures, 
depending on the amplified locus and extension at 72°C for 7 min.  
Amplification conditions for virulence genes were comprised of an initial 2 
min denaturation step at 94°C followed by 35 cycles of 20 s at 94°C, 30 s at 
different temperatures, depending on the amplified target and 50 s at 72°C, 
with a final extension at 72°C for 7 min.  
All the amplified products were analysed by electrophoresis on 1.8% 
agarose–Trisacetate-EDTA (TAE) gel, stained with SYBR Safe (Invitrogen, 
Carlsbad, CA) and visualised on a UV transilluminator.  
 
   2.7 Sequencing Reactions  
The 100 Aeromonas strains analysed during the first part of the study were 
subjected to bidirectional sequencing of the six target genes using the 
respective primer pairs used for PCR amplifications as sense and antisense 
sequencing primers. The nucleotide sequences were determined using the 
BigDye Terminator cycle sequencing ready reaction kit with AmpliTaq DNA 
polymerase (Applied Biosystems, Foster City, CA) and the electrophoresis 
was performed on an ABI Prism 3100 Genetic Analyser (Applied Biosystems, 
Foster City, CA) automated sequencer, according to the manufacturer’s 
instructions. The sequences of the amplicons were verified by BLAST search 
[9] to indicate whether they had homology to the respective genes for which 
the primers were designed. 
The templates obtained for the Aeromonas strains isolated from food and 
from human cases were sent to Macrogen Inc. (Amsterdam, Netherlands) for 
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direct Sanger sequencing with the respective primer pairs used for PCR 
amplifications as sense and antisense sequencing primers.  
 
   2.8 MLST Data Treatment  
2.8.1 Sequence Analysis And Nucleotide Variability Indices 
Analysis, editing and comparison of the 3096 chromatograms and sequences 
obtained for the six genes from the 258 bacterial strains (4 strains are not 
included in the MLST analysis because of amplification problems) were 
performed using FinchTV software (Geospiza). The consensus sequence for 
each gene fragment was determined by the alignment of the forward and 
reverse sequences using the ClustalW program [224]. The coding sequences 
used for the housekeeping genes were read in frame. Allele sequences that 
differed from each other by one or more polymorphisms were attributed to a 
unique allele number in the order of discovery. Each unique allelic profile, as 
defined by the allele numbers of the 6 loci, was assigned a sequence type (ST) 
number. The same ST was used for some strains if they shared the same 
allelic profile. Multiple alignments containing the concatenated sequences 
were straightforward and were performed according to the genomic gene 
order (gyrB, groL, gltA, metG, ppsA, and recA). All analysed MLST sequences 
had the same length (3084 nucleotides). Diversity indices, such as the G+C 
content of each locus, number of polymorphic sites, average numbers of 
synonymous and nonsynonymous sites, Tajima’s D, nucleotide diversity per 
site (π), and the average number of nucleotide differences per site (θ), were 
calculated using DnaSP version 5.10 [121].  
 
2.8.2 Global DNA Sequence Alignment  
The alignment of long sequences in bacteria is made harder by the genomic 
rearrangements, which shuffle the location of homologous fragments around 
the genome. Most of the algorithms used for sequence and genome 
alignments (MUSCLE [50], MAVID [28], ClustalW [79, 80, 200]) are unable to 
deal with rearrangements since they assume that the sequences to be aligned 
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are colinear [170]. In this study, concatenated chromosomal DNA sequences 
of the 258 strains of Aeromonas spp. were aligned using MAUVE 1.0 [46] as it 
does not make that assumption and is suitable for the alignment of large 
genomic regions in bacteria, up to whole genomes. This method utilizes 
pairwise or multiple alignments of conserved genomic sequences of whole 
genomes, with modest computational requirements without compromising 
the alignment quality [206].  
Once the concatenated sequences were aligned, they were subjected to 
different analyses of population genetics in order to evaluate and clarify the 
nature of the relationships within the Aeromonas strains analysed in this 
study. 
 
   2.9 Phylogenetic Analyses 
The concatenated sequences obtained for the 258 strains were analysed 
using MEGA v5.03 [198]. Genetic distances were computed by the Kimura 
two-parameter model and the phylogenetic tree was constructed using the 
Neighbor-joining method [176]. The software estimates the phylogenetic 
distances among the input sequences; the algorithm links the closest pairs 
after distances normalisation and the obtained matrices is used to build the 
phylogenetic tree. The bootstrapping method [59] has been chosen to assess 
how well supported the reconstruction is. 
A phylogenetic tree was also constructed for each of the 6 genes to create a 
comparison between the single gene trees and the concatenated tree.  
 
   2.10 Recombination Analyses And Horizontal Gene Transfer 
Detection 
Evidence for recombination between the STs of each allele was investigated 
using the split-decomposition approach. Split-decomposition trees were 
constructed with 1000 bootstrap replicates based on parsimony splits as 
implemented in SplitsTree 4.0 [87]. The resulting trees, for individual loci, for 
each species cluster and for the concatenated sequences, were analysed using 
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the pairwise homoplasy index (PHI) test [29] to identify alleles with 
significant evidence of recombination.  
 
   2.11 Population Analyses 
2.11.1 Structure  
In order to evaluate other genetic mechanisms that influence the population 
dynamics and to better exploit potential horizontal gene transfer, it can be 
interesting to use models of population structure that are not based on 
phylogeny. In this study, the dataset was analysed by the Structure software 
[56] which assumes that the individuals of a dataset come from a number of 
populations, but makes no attempts at modeling the relationships of these 
populations with one another or the relationships of the individuals within 
each population [170]. The linkage model was used to identify groups with 
distinct allele frequencies. This procedure assigns a probability of ancestry 
for each polymorphic nucleotide for a given number of groups, K, and it 
estimates q, the combined probability of ancestry from each of the K groups 
for each individual isolate. The dataset was analysed by the admixture model, 
following a burn-in period of 100000 iterations, Markov chain Monte Carlo 
[MCMC] of 50000 repetitions with 5 iterations for each K (K set between 1 
and 20). The evaluation of the K probability was conducted by both L(K) and 
Δ(K) methods [51]. 
 
2.11.2 goeBURST 
Strain relationships were analysed using the goeBURST algorithm 
implemented in PHYLOViZ software [63] to identify potential clonal 
complexes and founders [58]. The goeBURST algorithm, as the first born 
eBURST [58], focuses on relationships within clonal complexes by ignoring 
those between them. First, the data are divided into mutually exclusive 
groups approximating to clonal complexes. These groups are defined on the 
basis that each member of a group must share at least a threshold number of 
alleles in common with at least one other member of the group (in our case, 
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five common alleles out of six). Once the groups are assigned, the algorithm 
examines the degree to which the variation within the groups corresponds to 
a simple model of radial diversification from a clonal founder. Founders are 
assigned on the basis that they define the largest number of single-locus 
variants (SLVs) when examined against all other genotypes in the group. 
These SLVs are then linked to the founder.  
 
2.11.3 ClonalFrame  
ClonalFrame software [47] was also used to investigate the population 
structure. ClonalFrame is a method for using multilocus sequence data to 
infer the clonal relationship of bacteria and assumes that recombination 
events were introduced at a constant rate of substitution to a contiguous 
region of sequence. The software follows the Bayesian approach to 
reconstruct phylogenies which is, as bootstrapping, a method to assess the 
reliability of a reconstruction, but the main difference with other Bayesian 
methods is that the evolutionary model at the heart of ClonalFrame accounts 
for the effect of recombination. Thus, it can reconstruct the clonal, as well the 
mutation and recombination, events that took place on the branches of the 
genealogy. 
This model is reported to have advantages over other methods, including 
bootstrapping and eBURST, for subdividing recombinogenic bacteria [215]: 
the reconstruction of the phylogeny is more accurate since the recombination 
events are likely to confuse other methods and the analysis reveals some 
information about the recombination process itself. ClonalFrame was also 
used to estimate the relative contributions of mutation and recombination on 
the observed pattern of genetic diversity by the recombination to mutation 
(r/m) value that was calculated as reported by Vos and Didelot [215]. The 
analysis was performed with 90000 and 10000 iterations and a uniformly 
chosen coalescent tree (t 1) was used in both runs. 
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   2.12 AdaptML 
In order to identify genetic and environmental associations within the global 
population sample, an empirical parsimony algorithm (AdaptML) was chosen 
[86]. The algorithm employs a Hidden Markov Model (HMM) approach to 
group sequences into ecologically-similar habitats. The software does not 
infer the ‘true’ number and the distribution of habitats, but describes the 
potential habitats by starting from a large number of randomly distributed 
habitats to a smaller number of non-random habitats. During the 
computation, habitats which are correlated above a user-specified threshold 
are merged into each other to eliminate redundant habitats and present only 
habitats which represent distinct ecologically-separated classes of strains. 
The AdaptML analysis results in a set of emission probabilities which 
describes the discrete habitats inferred within the tree [86]. In this study, the 
ecologies under consideration were the source (specifically: Human cases, 
Fish, Food, etc.) and the virulence pattern. The method begins with nodes of 
the tree randomly distributed amongst an arbitrarily specified number of 
initial habitats (n=20). Using a HMM approach, nodes are moved between 
habitats in a probabilistic manner based on the structure of the phylogeny, in 
particular the branch lengths. The model parameters are then optimised by 
maximum-likelihood to find the best fit to the data. 
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3. RESULTS  
 
In this work, a total of 258 Aeromonas strains was analysed and the complete 
list is presented in Table 7 (Materials and Methods).  
The results will be presented following the chronological work flow over the 
years in order to better understand the development and the application of 
the techniques employed. The section 3.1 reports the results on Aeromonas 
strains isolated from fish which have been published on Applied and 
Environmental Microbiology (vol. 7, No.14, p. 4986-5000 – see additional 
material). Paragraphs from 3.2 to 3.10 describe the results obtained during 
the second phase involving the Aeromonas strains isolated from food and 
human cases. Finally, the section 3.11 refers to a study executed at the 
University of Bath (United Kingdom) in the laboratory of Edward J. Feil in 
collaboration with Cefas (Centre for Environment, Fisheries and Aquaculture 
Sciences - Weymouth, United Kingdom) and the team lead by David Verner-
Jeffreys. The work was conducted from January 2012 until July 2012 and was 
based on the evaluation of antibiotic resistance in strains of A. hydrophila and 
A. caviae isolated from fish. 
 
   3.1 Aeromonas strains isolated from fish 
3.1.1 Phenotypic Tests and Statistical Evaluation 
Initially, the collection of 100 Aeromonas strains, 77 isolates from fish, 
crustaceans and molluscs received from the Istituto Zooprofilattico delle 
Venezie (Adria – RO, Italy) and 23 reference and type strains, was considered 
and analysed through 31 phenotypic traits selected from the most useful 
tests implemented in routine laboratory assessment [3, 31]. Once the 
phenotypic results were obtained for all the 31 tests, the data were subjected 
to statistical analyses in order to evaluate the presence of a connection 
within the phenotypic traits expressed, the environmental sources and the 
species designation. The average error probability (Si2) was calculated and 
found to be 1.5% (Si2 = 0.015). The tests with nonzero Si2 values were the 
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following: β-hemolysis, lactose utilization in Kligler iron agar, hydrogen 
sulfide production in Kligler iron agar, gelatin liquefaction, acid from sucrose 
and D-mannitol, growth on TCBS and at 42°C (3.3%), lysine decarboxylase, 
production of gas in Kligler iron agar and citrate (6.6%) tests. Growth on 0% 
salt and urease production presented uniform results from all strains  and 
were not considered in the later statistical tests. 
The biochemical characteristics were used to build two dendrograms 
according to Jaccard’s and Gower’s indexes. The cophenetic correlations 
indicated that Jaccard’s index provided a better description of the clusters 
than Gower’s index (0.89 versus 0.80) while both specified a good 
adjustment of the original distance matrixes [192]. Furthermore, Gower’s 
dendrogram failed in the differentiation between the two A. veronii biovars 
(A. veronii bv. veronii and A. veronii bv. sobria) that were clustered together. 
According to these observations, UPGMA hierarchical clustering based on 
Jaccard’s distance (Fig. 9) seems to be more reliable than the Gower’s data. 
A cut-off value of 0.26 was considered in the Jaccard’s index dendrogram and 
12 clusters and 24 single strain profiles were assigned (the species 
designation of the isolates has been assigned later by molecular analysis and 
reported below for clarity reasons): 
- Phenon 1: 3 A. sobria isolates  
- Phenon 2: the type strains of A. encheleia, A. eucrenophila and A. 
allosaccharophila and 2 A. veronii isolates 
- Phenon 3: the type strain and the reference strain of A. caviae and 2 A. 
media isolates 
- Phenon 4: 2 A. veronii isolates 
- Phenon 5: 3 field isolates (A. sobria, A. allosaccharophila and A. veronii 
respectively) 
- Phenon 6: 2 A. sobria isolates 
- Phenon 7: the type strain of A. jandaei and the reference strains of A. 
sobria, A. veronii, A. hydrophila, 23 A. veronii isolates, 1 A. sobria and 1 
A. allosaccharophila isolates 
- Phenon 8: 1 A. allosaccharophila and 1 A. veronii isolates 
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- Phenon 9: the type strains of A. hydrophila, A. veronii, A. bestiarum and 
the reference strain of A. bestiarum 
- Phenon 10: 2 A. sobria isolates 
- Phenon 11: 2 A. sobria isolates 
- Phenon 12: 2 A. sobria isolates 
The 24 single strain profiles included: 2 reference strains, 1 type strain and 4 
isolates of A. salmonicida, 1 type strain of A. popoffii, 2 type strains of A. 
enteropelogenes, 1 type strain of A. schubertii, 1 type strain of A. media, 1 
isolate of A. allosaccharophila, 2 isolates of A. veronii, 8 isolates of A. sobria 
and 2 isolates of A. sobria-like. 
 
 
62 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9.  Dendrogram of the phenotipic 
traits based on the Jaccard’s coefficient 
and UPGMA clustering algorithm. 
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There is no clear separation of clusters depending on the species, while a 
‘complex’ level seems to be more evident. The phenon 7 was the widest 
cluster and was almost totally constituted by strains ascribed to the A. 
veronii-sobria complex (A. veronii, A. jandaei and A. sobria) proposed by 
Abbott and colleagues [3]. Phenotypically closely related species, such as A. 
encheleia (DSM 14577T)  and A. eucrenophila (DSM 17534T), were grouped 
together with A. allosaccharophila (phenon 2); these species can be easily 
differentiated with the esculin hydrolysis test. The number of reference and 
type strains did not allow a clustering for some species, which was suggested 
by the presence of the single profiles reported above (A. popoffii, A. 
enteropelogenes, A. schubertii, A. enteropelogenes, A. media and A. 
salmonicida). 
 
3.1.2 MLST Scheme and Genetic Diversity  
Six genes encoding housekeeping proteins involved in replication (gyrB), 
assisting the folding of polypeptides (groL), the glycolytic pathway (gltA, 
ppsA),  translation (metG) and recombination (recA) were selected (Table 8). 
The portions of the six genes were successfully amplified and sequenced in 
all 100 strains, except for the ppsA locus, which was not amplified in the 
Aeromonas type strains NCIMB 1409T, NCIMB 2020T and CECT 4246T. In 
addition, amplification in A. sharmana was not successful for any locus except 
for the gyrB gene. Therefore, these samples were not included in the MLST 
analysis. The sizes of each locus are given in Table 9; the 6-loci concatemere 
length was 3084 nt. 
The examination of the obtained sequences of the 96 strains revealed 13 
times more synonymous substitutions than nonsynonymous substitutions, 
indicating that the selected six genes are appropriate for population studies. 
The mean G+C content of these genes varied from 57.6% (metG) to 63.7% 
(ppsA), with little interstrain variation; the mean G+C content of the whole A. 
hydrophila genome is 61%.  
  6
2
 
 
 
 
 
Table 9. Nucleotide diversity observed within the Aeromonas strains characterized in the first part of the study. 
 
Locus 
Fragment 
size (bp) 
No. of 
alleles 
G+C 
content 
No. (%)  of 
polymorphic 
sites 
No. of 
parsimony 
informative 
sites 
Synonymous 
changes 
Non-
synonymous 
changes 
dS dN 
Tajima’s 
D test 
θ π 
gyrB 477 81 0.596 140 (29.3) 96 174 6 0.23873 0.00474 -1.10866 0.057 0.053 
groL 510 89 0.584 199 (39) 145 176 21 0.40048 0.01206 -0.58984 0.094 0.083 
gltA 495 84 0.603 150 (30.3) 126 156 9 0.31618 0.01663 -0.33598 0.080 0.072 
metG 504 83 0.576 178 (35.3) 143 137 13 0.35801 0.01965 -0.61507 0.084 0.075 
ppsA 537 88 0.637 233 (43.3) 171 176 24 0.40523 0.01801 -0.94769 0.098 0.086 
recA 561 87 0.595 176 (31.3) 136 194 9 0.24533 0.00443 -1.01709 0.058 0.054 
Concatenate 3084 89 0.599 1073 (34.7) 807 1013 82 0.25229 0.01233 0.84311 0.078 0.070 
π, nucleotide diversity per site; θ, average number of nucleotide differences per site; dS, number of synonymous changes per synonymous site; dN, number of 
non-synonymous changes per non-synonymous site. 
 
 
 
 
6
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The nucleotide diversity (the average number of nucleotide differences per 
site from two randomly selected sequences) was high in all genes (ranging 
from 0.057 for gyrB to 0.098 for ppsA, which was the most variable). 
The genetic equilibrium of alleles was analysed using the Tajima’s D 
neutrality test [197]: all of the obtained D values were close to zero, 
supporting a basic coalescent model of population subdivision (Table 9). This 
result clearly depends on the number and the typology of the strains 
considered. Following the MLST approach, the allelic profiles of the 96 strains 
with no missing genes were determined (Table 7). The sequence similarity 
between the Aeromonas strains was 66%, which corresponded to 1073 
polymorphic sites (nucleotide diversity of 0.078) in the concatenated 
sequence. 89 distinct STs were identified: this high number of different 
alleles was expected because distinct species/taxa were processed. No ST 
was observed with high frequency and only a few STs comprised more than 
one isolate. According to source information, strains showing the same ST 
were not always isolated from the same host species. The four isolates typed 
as ST 2 (A. salmonicida subsp. salmonicida NCIMB 1402T , Ae46, Ae31 and 
Ae19) arose from different species of salmonids and from one marine fish. 
The two isolates typed as ST 38 (Ae40 and Ae20) were derived from a cold-
freshwater species and warm-water species and did not present the same 
phenotype. 
The applicability of the MLST scheme developed in this study  
allowed the creation of the first Aeromonas MLST on-line database 
(www.pubmlst.org/aeromonas). 
 
3.1.3 Phylogeny Based on MLST Data 
The phylogeny of the 96 Aeromonas strains was analysed by constructing a 
neighbor-joining tree from the 3084 bp concatenated sequences of the six 
loci (Figure 10). The tree was highly supported by the bootstrap analysis and 
revealed two major phylogroups, one of which contained only the A. 
schubertii reference strain (CECT 4240T), while all other strains belonged to 
the second group in which different branches are easily distinguishable. The 
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majority of the branches contained reference/type strains corresponding to 
named species (A. veronii, A. allosaccharophila, A. sobria, A. jandaei, A. 
enteropelogenes and A. hydrophila), except for two groups containing 
reference strains of distinct species (A. salmonicida-A. bestiarum and A. 
media-A. caviae) that are located in different branches but seem to be 
genotypically related. The phylogenetic tree that resulted from the 
concatenated sequence analysis was compared to the topologies of the six 
trees constructed independently from each gene (Fig. A1 in the additional 
material) to verify if there were important differences and to determine 
whether one of the six genes influenced this tree topology. The general 
sample classification of the single-locus trees was very similar to that of the 
concatenated one, even if there were differences in the distributions of some 
reference strains, but the main cluster divisions were maintained. The 
exception was given by the trees derived from groL, metG and recA, in which 
A. caviae, A. media, A. eucrenophila and A. encheleia species clustered together 
with A. schubertii. However, the classification of the concatenated phylogeny, 
also supported by three single-locus trees (for gyrB, gltA and ppsA), was more 
resolving and demonstrated that the distribution of Aeromonas species into 
two groups did not result from the allelic diversity of a single gene but more 
likely from a general tendency of the whole genome. The concatenated 
phylogeny demonstrates that two bona fide reference strains previously 
assigned to the A. hydrophila group (NCIMB 1434 and CECT 398) clustered 
into different phylogenetic groups, A. bestiarum and A. veronii, respectively. 
The reference strain NCIMB 75 was purchased as A. sobria, but our analyses 
characterized it as A. veronii. The distribution of genetic groups seems to 
reflect the host environmental range and seasonality of sampling. The 
putative isolates ascribed to the cluster A. sobria were entirely isolated from 
freshwater fish, most of which were cold-water species (about 70%), during 
autumn and winter. The A. veronii isolates showed a heterogeneous host 
range with particular preferences for warm-water species (87%) in different 
habitats (freshwater, brackish water and marine water). Little can be said 
about the other taxa as they include few strains. 
 
67 
 
 
 
 
 
 
Fig. 10. Neighbor-joining tree of the 96 Aeromonas strains constructed from the concatenated sequences of 
the six genes included in this study. Coloured rectangles represent the eight ancestral populations 
identified with Structure analysis (see 3.1.4). For each strain, the length of the coloured segments indicates 
the proportion of nucleotides from each of the eight ancestral populations. Circles indicate the presence of 
the virulence genes analysed in this study. Squares represent the phenotypic clusters obtained with 
Jaccard’s coefficient. The scale bar length correlates with the length of the concatenated sequence, 
expressed as a percentage. 
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3.1.4 Evidence of Recombination In Aeromonas spp. and Population 
Analyses 
Evidence for recombination in the MLST loci of the 96 Aeromonas strains was 
investigated with the SplitsTree program, which used the split-
decomposition method separately on each locus and on the concatenated 
sequences of all STs (see Fig. A2 and A3). Most of the genes were not 
significantly affected by intragenic recombination, but in all cases, 
parallelogram formation (indicative of some recombination events) was 
evident. Only recA was significantly affected by recombination (P < 0.05) and 
when the concatenated sequences of all STs were investigated, evidence of 
significant recombination was found (P < 0.0001). The split-decomposition 
analysis [87] showed a “rectangular” network structure in which A. schubertii 
and all other Aeromonas species were clearly distant. As a confirmation of the 
neighbor-joining method, the distribution of the clusters previously 
identified was visible and most of them corresponded to a different species. 
When the three most represented populations identified with Structure 
analysis (see below) were investigated (A. sobria, A. veronii and A. 
salmonicida-A. bestiarum), the trees showed significant presence of 
recombination but very different topologies (see Fig. A3[B-C-D]). While the A. 
veronii and the A. sobria trees presented a similar topology, with a limited 
parallelogram formation and a so-called “star” distribution of the strains, the 
A. salmonicida-A. bestiarum tree, clearly represented by a less number of 
strains, showed two distinct groups separated by a long parallelogram, 
supporting the distinction between the two species. 
Structure software was used to identify the main groups (which differed in 
terms of their allele frequencies) and more subtle recombination events to 
also detect strains carrying foreign DNA. The software identified eight 
distinct ancestral sources of nucleotides using the L(K) approach (Fig. 11). 
Within the same species, most strains were homogeneous, even if some 
strains presented gene sequences typical of other species. In fact, some 
isolates presented mixed colours in the corresponding column, 
demonstrating the import of gene sequences from other species. Thus, these 
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strains seemed to have a partially mixed origin. The A. schubertii strain 
formed a unique population, even though some regions typical of this group 
were found in isolates of other species (A. popoffii DSM 19604T, Ae56, A. 
jandaei CECT 4228T, A. encheleia DSM 14577T, A. caviae CECT 838T and A. 
eucrenophila DSM 17534T). The A. encheleia and A. eucrenophila strains 
presented almost the same structure pattern, as supported by the 
phylogenetic analysis and the entire distribution of the strains in the tree was 
clearly supported by the Structure analysis. The populations identified by 
Structure clearly correspond to the main Aeromonas species considered in 
this part of the work. 
 
 
Fig. 11. Overview of the populations identified by Structure software among the 96 
Aeromonas strains. Each different colour is related to a distinct population. Mixed colours 
represents high genetic homology with other groups or import of foreign DNA from other 
populations. 1. A. salmonicida-A.bestiarum; 2. A. veronii; 3. A. allosaccharophila; 4. A. 
schubertii; 5. A. enteropelogenes; 6. A. sobria; 7. A. hydrophila; 8. A. caviae-A. media 
 
The MLR statistical analysis was conducted considering three clusters 
identified by Structure to further evaluate a potential connection between 
species-environment. This test required a less number of groups to be 
considered that refers to the clusters which were described for all the 
variables. The build model with the three most representative Structure 
clusters (A. veronii, A. sobria and A. salmonicida-A. bestiarum) as a categorical 
dependent outcome showed that 71% of strains were overall correctly 
classified by using only the warm- and cold-water attribution (Nagelkerke 
pseudo-R-square of 0.47; P < 0.001). To solve the quasicomplete separation 
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of variables, the number of categories was reduced compared to the other 
statistical tests performed in this study (see 3.1.5). The marine and brackish 
habitat categories were combined into a single dummy variable and the 
seasons were also divided into two categories, combining spring-winter and 
summer-fall (cold and warm seasons). The MLR model considering all the 
new categorical variables showed a significant contribution of each variable 
(Nagelkerke pseudo-R-square of 0.61; habitat P < 0.008; water P < 0.0001; 
season P < 0.009) and an increase in the overall percentage of correctly 
classified samples (74%). However, the prediction of the A. salmonicida-A. 
bestiarum group failed. 
ClonalFrame analysis of the concatenated sequences (see Fig. A4) revealed 
the rarity of closely related genotypes, with the presence of only one clonal 
group formed by two A. veronii strains (ST 39 and ST 67). The software 
showed that the majority of STs occurred as doublets and some occurred as 
singlets with no apparent clonal relationship to each other. In other words, 
most strains were distantly related and the populations of these species do 
not appear to be structured, based on the present sampling, into highly 
prevalent clonal families. The r/m ratio was calculated for the entire 
population and for the three most represented groups identified with 
Structure analysis (A. veronii, A. sobria and A. salmonicida-A. bestiarum) to 
evaluate whether the high genotypic diversity could be due to recombination 
events. The r/m value for the entire population was found to be 0.15, while a 
lower value was found for the three populations, ranging between 0.07 and 
0.13. The distribution of the strains over the tree was very similar to the 
phylogeny obtained by the neighbor-joining analysis which is based on a 
different reconstruction method, demonstrating that the phylogeny model is 
highly supported. 
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3.1.5 Statistical Analyses through the NPC Test 
The NPC test of the phenotypic traits was applied to the clusters identified by 
Structure analysis. 15 contrasts were generated only between taxa 
containing more than 3 strains. Among the 8 identified groups, only A. 
schubertii and A. enteropelogenes were excluded. The results of the NPC test 
are reported in Tables 10. The global P value showed that, among the 
identified Structure clusters, 14 contrasts were significantly different 
(significance α level equals 5%). In particular, Structure populations were not 
differentiated by the examined phenotypic characteristics for the A. 
salmonicida-A. bestiarum group compared to the A. allosaccharophila, A. 
hydrophila, or the A. media-A. caviae groups. Moreover, the contrast between 
the A. allosaccharophila and the A. media-A. caviae groups was not 
significantly different. The global multivariate difference can be explained by 
14 of all the considered phenotypic variables, which have been denoted by an 
individual significant P value. The following tests were selected for group 
identification: cephalothin resistance, motility, esculin, β-hemolysis, Voges-
Proskaeur, gas from glucose (both Kligler and Durham methods), citrate, 
sucrose, L-arabinose, lipase on egg yolk agar, gelatin hydrolysis and growth 
at 42°C and on 3% NaCl.  
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Table 10. Multivariate analysis of phenotypic traits through NonParametric Combination (NPC)  test of the identified Structure populations. 
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C1: A. salmonicida/bestiaruma 15 93 87 87 60 60 73 80 60 27 33 80 7 60 0 73 67 93 73 80 87 0 80 73 87 0 87 27 93 13 
C2: A.  veronii 37 97 13 97 100 92 11 92 86 35 49 97 0 84 0 89 92 95 5 97 89 5 81 70 78 10 73 95 97 3 
C3: A.  allosaccharopila 3 100 100 100 100 100 33 0 33 0 0 67 0 67 0 0 100 100 100 100 100 0 100 100 33 0 100 100 100 0 
C4: A.  shubertii b 2 100 50 100 100 50 50 50 50 50 0 100 0 100 0 50 0 50 50 50 100 0 100 100 100 0 50 100 100 0 
C5: A.  enteropelogenes 2 100 50 50 100 100 0 50 50 0 0 100 0 100 0 50 50 100 50 100 100 0 0 0 50 50 0 100 50 0 
C6: A.  sobria 26 84 35 100 96 92 39 23 58 35 39 92 0 65 4 19 50 81 8 100 100 0 96 15 85 0 92 23 61 0 
C7: A.  hydrophila 4 100 100 100 100 100 100 100 100 0 25 100 0 75 25 100 100 100 100 100 100 25 75 100 100 0 75 100 100 0 
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a  The cluster salmonicida/bestiarum also included the A. popoffii DSM 19604T 
b The  cluster schubertii was formed by A. schubertii CECT 4240T and  A. eucrenophila DSM 17534T 
c The cluster media/caviae also included the A. encheleia DSM 11577T
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3.1.6 Distribution of Virulence Factors and AHL Production 
During the first part of the study, the presence of six genomic markers 
potentially linked to a virulence phenotype was investigated by a PCR 
approach. The distribution of the six virulence genes in the Aeromonas 
strains is reported in Fig. 10. Almost all strains contained the enolase gene 
and positive reactions for act or asa1 were found in all populations with the 
exception of the A. media-A. caviae group. The ast gene seems to be 
differently represented in the studied data set, with distributions of 20% and 
100% in A. salmonicida-A. bestiarum and A. hydrophila groups, respectively 
(Table 11). The genes ascV and aexT were present in 23 (24%) strains: the 21 
strains belonging to the A. veronii group and only one strain of the A. 
hydrophila and A. salmonicida-A. bestiarum groups. In some cases, strains 
with the same ST showed identical prevalence of virulence genes (Ae40, 
Ae45, A20, Ae4and Ae59); however, some discrepancies were also found (i.e., 
Ae74 and Ae75).  
The fingerprinting of virulence genes was evaluated through the NPC test for 
each Structure group (Table 11) to see if there was a significant relationship 
between the virulence pattern and the species. The A. allosaccharophila 
group was not differentiable from the majority of the other clusters, while the 
other groups showed statistical differences in the prevalence of all virulence 
genes. The A. salmonicida-A. bestiarum cluster presented a higher number of 
strains positive for ahh1 than the others, but similar to the A. hydrophila 
population. These two groups were distinguished by the prevalence of the ast 
gene, which was present in all strains of A. hydrophila. The data related to the 
A. media-A. caviae cluster did not prove the presence of ast, ahh1, act or asa1 
and aexT genes and this virulence profile was statistically different from the 
others.  
Discrepancies existed in the 3 levels of AHLs among A. hydrophila, A. 
salmonicida-A. bestiarum and other clusters, including A. veronii, A. sobria and 
A. media-A. caviae. Moreover, the majority of the strains presented a high 
level of AHL production (68.8%). 
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Table 11. Multivariate analysis of virulence traits and levels of N-acyl homoserine lactones (AHLs) through the NPC test according to Structure populations. The 
prevalence of virulence factor-encoding genes was also reported as percentage (%) 
  
Levels of AHLs 
      
Clusters No. of strains 
0 1 2 
ast ahh1 act-asa1 aexT ascV enolase 
C1:  A. salmonicida/bestiariuma 15 4 (26.67) 0 (0) 11 (73.33) 3 (20) 15 (100) 14 (93.33) 4 (26.67) 2 (13.33) 12 (80) 
C2:  A. veronii 37 0 (0.00) 7 (18.92) 30 (81.08) 0 (0) 2 (5.41) 32 (86.49) 22 (59.46) 22 (59.46) 27 (72.97) 
C3: A. allosaccharophila 3 0 (0.00) 1 (33.33) 2 (66.67) 0 (0) 1 (33.33) 1 (33.33) 0 (0) 0 (0) 2 (66.67) 
C4: A. schubertiib 2 0 (0.00) 1 (50) 1 (50) 0 (0) 0 (0) 1 (50) 0 (0) 0 (0) 2 (100) 
C5: A. enteropelogenes  2 0 (0.00) 0 (0.00) 2 (100) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (50) 
C6: A. sobria 26 1 (3.85) 8 (30.77) 17 (65.38) 0 (0) 0 (0) 17 (65.38) 0 (0) 9 (34.62) 17 (65.38) 
C7: A. hydrophila 4 1 (25.00) 0 (0) 3 (75) 4 (100) 4 (100) 2 (50) 1 (25) 3 (75) 4 (100) 
C8: A. media/caviaec 7 0 (0.00) 4 (57.14) 3 (42.86) 0 (0) 0 (0) 0 (0) 0 (0) 1 (14.29) 5 (71.43) 
Tot 96 6 (6.25) 20 (20.83) 66 (68.75) 7 (7.29) 22 (22.9) 66 (68.75) 27 (28.13) 37 (38.54) 67 (69.79) 
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* P value < 0.05; ** P value < 0.01; *** P value<  0.001;  
a  The cluster salmonicida/bestiarum also included the A. popoffii DSM 19604T 
b The  cluster schubertii was formed by A. schubertii CECT 4240T and  A. eucrenophila DSM 17534T  
c The cluster media/caviae also included the A. encheleia DSM 11577T
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   3.2 Aeromonas Strains Isolated from Food and Human Cases 
The second part of the work was characterized by the analysis of Aeromonas 
spp. isolated from ready-to-eat (RTE) foods and human cases of disease. 
 
3.2.1 Laboratory Media Testing 
Initially, the ability of isolation and selectivity of three laboratory media (CIN 
Agar, GSP Agar and AE Agar) has been tested on the 18 Aeromonas type 
strains listed in Table 7A. The results of the evaluation of growth and 
morphology of the colonies are reported in Table 12. 
 
Table 12. Growth and morphology of the 18 Aeromonas Type strains and the negative 
control (Pseudomonas aeruginosa LA1) 
Type Strain CIN AE GSP 
ATCC 7966T + + + 
CECT 838 T - - + 
CECT 4199 T - - + 
CECT 4240 T - +  + 
CECT 4246 T + A + 
CECT 4255 T + - A 
CECT 4257 T + +  + 
CECT 4487 T + + + 
CECT 4228 T + + + 
CECT 4245 T + - + 
NCIMB 1102 T + - + 
NCIMB 1109 T LG LG + 
NCIMB 2020 T - +  + 
DSM 4881 T - - + 
DSM 11577 T LG - A 
DSM 13956 T - + + 
DSM 17534 T + + + 
DSM 19604 T - - + 
LA1 + + + 
+ : growth and typical colonies morphology; - : no growth; A: growth and atypical colonies morphology; 
LG: Low Growth. 
 
CIN Agar and AE Agar media allowed the growth of 50% and 44% of samples 
with typical morphology, while 38% and 41% of the strains did not grow in 
the two media respectively. AE medium revealed to be too selective as almost 
half of the strains did not grow and this could represent a problematic issue 
for recovering strains at low concentrations or subjected to particular 
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stresses, such as in foods. GSP Agar demonstrated to be the best medium to 
support the growth of the Aeromonas strains tested (89% of strains grew) 
and showed 2 strains with atypical features (Fig. 12). There was no particular 
association between species and ability to grow on media. The A. hydrophila, 
A. veronii, A. enteropelogenes, A. jandaei and A. eucrenophila type strains 
(ATCC 7966T, CECT 4257T, CECT 4487T, CECT 4228T  and DSM 17534T) 
presented typical morphology in all the media tested. The A. salmonicida type 
strains (NCIMB 1109T, NCIMB 1102T, NCIMB 2020T) had a very slow growth 
compared to the other strains: this could be due to the incubation 
temperature as they are psychrophilic and need to grow at lower 
temperatures (22°C). The negative control presented the expected 
characteristics in all the media tested. 
 
 
 
Fig. 12. Proportion of the 18 Aeromonas strains morphology found on each laboratory 
medium tested in this study. 
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3.2.2 Isolation of Strains from Food Products: Qualitative and 
Quantitative Analyses 
34 food samples comprising RTE vegetables, seafood and dairy products 
were processed for the isolation of Aeromonas strains as described in Figure 
8 (Materials and Methods).   
A total of 403 (180 QL + 223 QT) typical colonies and 503 (162 QL + 341 QT) 
atypical colonies were isolated from the food samples during the qualitative 
(QL) and quantitative (QT) analyses respectively. 
The highest number of typical colonies were isolated on CIN medium, either 
during the qualitative and quantitative methods, while most of the atypical 
colonies were isolated on AE Agar in both approaches, suggesting that this 
medium seems to allow the growth of different bacterial genera in addition to 
Aeromonas.  
 
 
Fig. 13. Typical and atypical colonies isolation on each medium during qualitative and 
quantitative approaches. QL: qualitative; QT: quantitative. 
 
The food sample which yielded the highest number of typical Aeromonas 
colonies was one of the ricotta cheeses (30 typical colonies isolated from 
sample 829 by qualitative and quantitative approaches) followed by samples 
802 and 780 which are mixed salads. 
However, considering the food type, the highest number of typical colonies 
was isolated from vegetables (174 colonies from 12 samples), while 154 
colonies were isolated from the 14 dairy products and 139 colonies from 7 
seafoods. 
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The latter data is interesting as, considering the ratio: 
Typical colonies isolated 
No. of samples per type of food 
seafoods carried the highest value of Aeromonas typical colonies isolated in 
proportion to the other food products (Fig. 14A). 
 
3.2.3 Biochemical Analyses and Molecular Screening of the Colonies 
Isolated from Laboratory Media 
The total of 403 colonies described as typical Aeromonas spp., comprising 
180 and 223 isolated during the qualitative and quantitative approaches 
respectively, were subjected to biochemical analyses (Oxidase and O/F tests) 
to discard the false positive results. In addition, all the atypical colonies were 
also tested to further investigate some doubt samples. 
214 out of 403 typical colonies were identified as Aeromonadaceae by the 
biochemical screening: 87 colonies derived by the qualitative approach (QL) 
while 127 were isolated during the quantitative analysis (QT). The remaining 
189 colonies were discarded. At the same time, the 503 atypical colonies 
were also analysed by the biochemical tests and a total of 99 presented the 
typical results ascribed to the genus Aeromonas and was chosen to be 
consequently analysed by molecular approach. 
 
3.2.4 Molecular Screening of Typical and Atypical Colonies 
The 214 (typical) and 99 (atypical) colonies were subjected to molecular 
analysis by the amplification of one of the housekeeping genes included in 
the MLST analysis: recA.  
The amplification of the recA gene was obtained for a total of 124 out of 214 
typical colonies and for 24 out of 99 atypical colonies. 
The total of 148 templates were sequenced for the recA gene and the results 
were compared to the sequences included in the BLAST on-line database 
[221] to identify the genus and, eventually, the bacterial species. 
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Fig. 14.  Distribution of Aeromonas  typical colonies isolated from the 34 food samples by 
both qualitative and quantitative methods (A) and Aeromonas typical colonies confirmed by 
molecular methods in each sample (B). 
 
58% of the Aeromonas colonies described as typical by microbiological and 
biochemical methods (124 out of 214) were confirmed as Aeromonas spp. by 
sequencing methods and the 24% of the atypical conies (24 out 99) revealed 
to be Aeromonas spp. All the amplifications of the recA gene were confirmed 
to belong to the genus Aeromonas, thus demonstrating the reliability of this 
gene for a genus-identification screening. 
Considering the results given by each medium on the morphology of the 
colonies identified as typical and atypical Aeromonas, GSP demonstrated to 
be the most reliable for the identification of typical aeromonads (63% of the 
results was confirmed), while AE agar was found to be better for the 
0
5
10
15
20
25
30
35
40
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41
0
5
10
15
20
25
30
35
40
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41
42
4
 
43
7
 
60
3
 
65
3
 
67
2
 
67
3
 
67
4
 
77
5
 
77
6
 
77
7
 
77
8
 
77
9
 
80
1
 
81
7
 
82
9
 
   42
5
 
43
8
 
60
2
 
65
5
 
78
0
 
80
2
 
80
3
 
81
5
 
81
6
 
82
8
 
   42
6
 
43
9
 
65
4
 
76
1
 
76
2
 
76
3
 
81
8
 
81
9
 
82
0
 
 
Dairy products 
 
Vegetables 
 
Seafood 
A 
B 
4
2
4
 
4
3
7
 
6
0
3
 
6
5
3
 
6
7
2
 
6
7
3
 
6
7
4
 
7
7
5
 
7
7
6
 
7
7
7
 
7
7
8
 
7
7
9
 
8
0
1
 
8
1
7
 
8
2
9
 
   4
2
5
 
4
3
8
 
6
0
2
 
6
5
5
 
7
8
0
 
8
0
2
 
8
0
3
 
8
1
5
 
8
1
6
 
8
2
8
 
   4
2
6
 
4
3
9
 
6
5
4
 
7
6
1
 
7
6
2
 
7
6
3
 
8
1
8
 
8
1
9
 
8
2
0
 
 
 
80 
discrimination of atypical colonies (99,2% was confirmed as not Aeromonas 
spp.). CIN medium demonstrated to be reliable for the differentiation of 
atypical colonies, while it failed in identifying the typical colonies (only 3,8% 
was confirmed to be aeromonads) (Fig.15). 
 
 
 
Fig. 15. Number of typical and atypical colonies identified by each medium with the 
proportion of the confirmed and not confirmed results. 
 
The BLAST analysis also allowed the species identification of the 148 strains 
considered, based upon the sequence of one gene (recA). The majority 
belonged to A. caviae (50,7%), followed by A. media (27,7%), A. salmonicida 
(10,3%), A. veronii (9,5%), A. allosaccharophila, A. hydrophila and A. sobria 
(0,6%). It is important to bear in mind that the species reported above are 
the result of one-gene sequence and that these data were further verified 
with the analysis of all the 6 genes. 
The remaining 165 strains (90 typical and 75 atypical) were not amplified for 
the recA gene and were then subjected to the amplification of the 16S rRNA 
gene to characterise  them at the genus level (Table 13). 
The majority of the colonies previously identified as typical aeromonads 
were mainly Pseudomonas spp., Enterobacter spp. and Rahnella spp., while 
most of the atypical colonies included species belonging to the genus 
Pseudomonas. It is important to highlight that some pathogens were also 
identified both among the typical and atypical colonies. 7 P. aeruginosa were 
isolated from mixed salad, rocket, shrimps, sea bass and sashimi and 3 of 
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them were characterised as typical aeromonads. 8 Y. enterocolitica  strains (3 
of them described as typical colonies of Aeromonas spp.) were all isolated 
from a sample of ricotta cheese. Finally, 2 strains of E. coli were isolated from 
another sample of ricotta cheese. 
 
Table 13. List of the bacterial strains sequenced for the 16S rRNA genes and previously 
described as typical and atypical aeromonads. 
 TYPICAL ATYPICAL 
Acinetobacter spp. 1  
Citrobacter freundii 3 1 
Diaphorobacter spp. 5 1 
E. coli 
 
2 
Enterobacter spp. 19 1 
Erwinia spp. 1 1 
Hafnia spp. 1 5 
Klebsiella spp. 
 
6 
Morganella morganii 1  
Pseudomonas 
 
 
P. aeruginosa 3 4 
P. brassicacearum 1 6 
P. fluorescens 1 5 
P. putida 10 15 
P. reactans  3 3 
Pseudomonas spp. 2 11 
Paenibacillus spp. 1 2 
Proteus vulgaris 1  
Rahnella spp. 19 1 
Serratia spp. 6 3 
Tolumonas spp. 
 
1 
Uncultured bacterium clone 8 2 
Yersinia  
 
 
Y. enterocolitica 3 5 
Y. ruckeri 1  
 
After all these preliminary analyses, a total of 148 Aeromonas strains was 
selected and finally analysed by the MLST method. 
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3.2.5 Quantitative Determination of the Aeromonas Typical Colonies 
The Aeromonas counts were conducted on each medium for all the 34 food 
samples. Table 14 lists the counting values obtained from the quantitative 
analysis, reporting only the CFU/g later confirmed as Aeromonas by MLST. 
Among the dairy products, all the mozzarella cheeses presented values less 
than 10 CFU/g for all the media tested, while in ricotta cheese samples, the 
Aeromonas count ranged between 1.8·102 and 1.1·107 CFU/g. The majority of 
RTE vegetables presented values less than 10 CFU/g and Aeromonas was 
counted only in mixed salads with values between 9.1·10 and 6.6·103 CFU/g. 
Aeromonas colonies were counted in almost all the seafood products with 
values ranging between 9.1·10 and 5.6·104 CFU/g. The only exceptions were 
represented by three samples (mussels, molluscs and tuna). 
Most of the Aeromonas colonies were counted on GSP Agar: 11 food samples 
out of 34 gave positive results for the quantitative analysis on this medium, 
especially from dairy products and seafood. AE Agar allowed the counting of 
colonies from 8 food samples out of 34 and it permitted a higher counting on 
vegetables than the other media. Finally, CIN Agar did not permit a good 
counting, giving positive results only from 4 samples out of 34.  
It is important to notice that a high count of Aeromonas colonies on a 
particular medium does not always imply a high number of typical colonies 
isolated from that medium. An example is given by the sample 802 (mixed 
salad) whose counting gave a number less than 10 (in CIN and GSP), but, as 
already reported, it yielded to one of the highest number of typical colonies 
isolated (referring also to the not confirmed ones) (See Fig. 14). 
Table 14 lists the results of the Aeromonas counts on the three media used in 
this work together with the qualitative data. A correlation between the two 
methods is expected: a positive counting should be confirmed by a positive 
result of the qualitative approach. GSP demonstrated to be the best medium 
in obtaining similar results between qualitative e quantitative methods. 
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Table 14. Microbial counts of the Aeromonas colonies isolated from the 34 RTE foods during 
the quantitative analysis. 
Sample Food Matrix Food Type 
Quantitativea Qualitativea 
CIN GSP AE CIN GSP AE 
424 Ricotta cheese 
D
A
I
R
Y
 P
R
O
D
U
C
T
S
 
1.6·105 2.9·105 <10 - + - 
437 Ricotta cheese 1.8·102 4.6·102 <10 - + - 
603 Ricotta cheese <10 <10 <10 - - - 
653 Buffalo mozzarella <10 <10 <10 - - - 
672 Buffalo mozzarella <10 <10 <10 - - - 
673 Buffalo mozzarella <10 <10 <10 - - - 
674 Buffalo mozzarella <10 <10 <10 - - - 
775 Buffalo mozzarella <10 <10 <10 - - - 
776 Buffalo mozzarella <10 <10 <10 - - - 
777 Buffalo mozzarella <10 <10 <10 - - - 
778 Buffalo mozzarella <10 <10 <10 - - - 
779 Buffalo mozzarella <10 <10 <10 - - - 
801 Buffalo mozzarella <10 <10 <10 - - - 
817 Ricotta cheese <10 1.3·104 1.4·104 - + + 
829 Ricotta cheese 2.8·105 1.1·107 4.6·106 - + + 
425 Soy bean 
V
E
G
E
T
A
B
L
E
S
 
<10 <10 <10 + + - 
438 Cabbage <10 <10 <10 - - - 
602 Mixed salad <10 <10 <10 - - - 
655 Mixed salad <10 <10 9.1·10 - + - 
780 Mixed salad <10 1.6·103 6.6 ·103 - + - 
802 Mixed salad <10 <10 3·102 + + - 
803 Mixed salad <10 2.9·103 <10 - + + 
815 Rocket <10 <10 <10 - + - 
816 Valerian <10 <10 <10 - + - 
828 Carrot <10 <10 <10 - - - 
426 Mussel 
S
E
A
F
O
O
D
 
<10 <10 <10 - + - 
439 Molluscs <10 <10 <10 - - - 
654 Salmon 1.2·104 1.8·103 2.7·102 + + + 
761 Sashimi <10 1.7·104 5.6·104 - - - 
762 Sashimi <10 <10 <10 - - - 
763 Sea bass <10 1.6·103 1.6·104 - + - 
818 Shrimps <10 4.6·102 9.1·10 - + + 
819 Sea bass <10 2.6·103 <10 - + + 
820 Tuna <10 <10 <10 - + + 
a Qualitative and quantitative results refer to colonies confirmed to be Aeromonas by MLST. 
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Figure 15 presents the distribution of Aeromonas counting per medium over 
the food samples (after confirmation by MLST). 
 
 
 
Fig. 15. Aeromonas counts resulted from each medium in the food samples analysed in this 
study. The graph presents foods with counts > 10. 
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   3.3 MLST and Nucleotide Variability 
The 148 strains identified as Aeromonas spp. were successfully amplified 
with all the six housekeeping genes included in the MLST analysis.  To avoid 
the inclusion of redundant strains, all the strains isolated from the same food 
sample and presenting the same concatenated sequence were discarded. 
After this selection step, the final number of the Aeromonas isolates included 
in the work was 59: 22 isolated from seafood (1 from molluscs, 4 from 
shrimps, 8 from salmon and 9 from sea bass), 19 isolates from vegetables (1 
from valerian, 1 from soybean, 1 from rocket and 14 from mixed salads) and 
18 isolates from ricotta cheeses (Fig. 16). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16. Proportion of the Aeromonas isolates included in the final MLST analysis on the basis 
of their food source. 
 
 
The MLST was also applied to 28 Aeromonas strains isolated from human 
cases of disease (24 strains received from the CECT collection and 4 strains 
isolated from faeces and wound) and 75 strains downloaded from the 
Aeromonas database including 23 isolates from gastroenteritis and 52 of 
animal origin, mainly isolated from fish. 
The MLST scheme was successfully applied to all the 162 strains analysed. 
161 new STs were identified: only two strains shared the same sequence 
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type, one isolate from a ready-to-eat sea bass and a reference strain of A. 
caviae (CECT 5241) isolated from a case of gastroenteritis. 
Together with the strains analysed in the first part of the study, 250 STs were 
finally identified from a total of 258 Aeromonas isolates. 
The nucleotide variability analysis supported the results previously obtained 
for the strains analysed in the first phase of the work, with an increase of the 
nucleotide diversity indices both for the single genes and for the 
concatenated sequences (Table 15). 
The number of different alleles for the 6 loci varied from 209 (gyrB) to 220 
(ppsA) (Table 15). The % G+C content ranged from 58% (metG) to 64.1% 
(ppsA). The mean genetic diversity was high with 39.1% of genetic variability 
within the selected population. The Tajima’s test values of the single genes 
and of the concatenated were close to 0, supporting again a basic coalescent 
model of population. 
When the most representative clusters were examined, A. salmonicida 
displayed the lowest genetic diversity, while A. veronii was the most variable 
group. These results clearly depends on the number of strains included in 
each group. In addition, the Tajima’s D value of the A. veronii cluster was 1.49, 
the closest number to -2 value which represents the significant threshold 
value. Finally, the dN/dS ratio were all rather low, supporting the neutral 
selection model. 
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Table 15. Nucleotide diversity observed within the 250 Aeromonas STs characterised in the present study. 
 
Locus 
Fragment 
size (bp) 
No. of 
alleles 
No. (%)  of 
polymorphic 
sites 
No. of 
parsimony 
informative 
sites 
Synonymous 
changes 
Non-
synonymous 
changes 
dS dN 
Tajima’s 
D test 
θ π 
gyrB 477 209 162 (33.9) 122 191 6 0.24560 0.00326 -1.17010   0.058 0.054 
groL 510 212 211 (41.3) 158 197 21 0.41907 0.01449 -0.33983 0.100 0.088 
gltA 495 210 173 (34.9) 139 180 9 0.29808 0.01521 -0.69711 0.075 0.068 
metG 504 210 203 (40.2) 165 147 13 0.41136 0.02725 -0.30157 0.099 0.087 
ppsA 537 220 263 (48.9) 197 189 24 0.43694 0.02065 -0.77447 0.106 0.093 
recA 561 216 197 (35.1) 165 232 13 0.28090 0.00307 -0.99672 0.064 0.059 
Concatenate 3084 250 1207 (39.1) 963 1136 86 0.33701 0.01386 -0.65238 0.083 0.074 
Species:  
No. of 
strains 
         
A. allosaccharophila 3084 13 297 (3.6) 159 298 23 0.12031 0.00230 -0.65328 0.029 0.028 
A. salmonicida 3084 15 248 (8) 105 242 13 0.07611 0.00128 -1.24290    0.018 0.018 
A. hydrophila 3084 18 340 (11) 202 352 20 0.13578 0.00184 -0.47203 0.032 0.031 
A. sobria 3084 24 394 (12.7) 232 389 28 0.11747 0.00218 -1.03050   0.029 0.028 
A. media 3084 31 426 (13.8) 273 437 26 0.13537 0.00192 -0.75110 0.032 0.031 
A. caviae 3084 33 310 (10) 160 309 20 0.07053 0.00174 -1.29986 0.018 0.017 
A. veronii 3084 86 633 (20.5) 395 640 50 0.11666 0.00142 -1.49380 0.028 0.027 
π, nucleotide diversity per site; θ, average number of nucleotide differences per site; dS, number of synonymous changes per synonymous site; dN, number of 
non-synonymous changes per non-synonymous site. 
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   3.4 Phylogenetic Analysis 
The population phylogeny of the 250 Aeromonas STs was first investigated 
through the neighbor-joining method in MEGA software. The resulting tree is 
shown in Fig. 17. The bootstrap values were generally high, supporting the 
overall distribution of the strains. The Aeromonas population was organised 
in 2 major groups, as reported in the previous phylogenetic analysis 
conducted in the first part of the work (Fig. 10). However, the inclusion of a 
higher number of strains allowed the definition of 11 clades, some of them 
also resulted from the first analysis. The 11 clades included 1 (A. schubertii) 
to 83 strains (A. veronii), with 4 major clades being observed. The largest 
clade (A. veronii) comprised 86 strains, most of them isolated from fish and 
the type strain CECT 4257T. The three other major clades included 37, 32 and 
24 strains, respectively. They were referred to as A. caviae clade (including 
the type strain CECT 838T), A. media clade (including the type strain DSM 
4881T) and A. sobria clade (including the type strain CECT 4245T). The 
remaining strains were distributed among 7 clades (A. salmonicida, A. 
bestiarum-A. popoffii, A hydrophila, A. enteropelogenes, A. jandaei and A. 
allosaccharophila).  
The relative branching order among some clades is uncertain and some 
isolates were not included in any group. This was because they were single 
reference strains and no isolates grouped with them or because they were 
clearly separated from the closest clade represented by a type strain. The 
first case involves the reference strains of A. sanarellii, A. taiwanensis, A. 
molluscorum, A. tecta, A. eucrenophila and A. encheleia. The field isolates that 
were not included in any clade are the ST 247, ST 100, ST 231 (close to A. 
caviae), ST 69 (close to A. sobria) and ST 70 (close to A. allosaccharophila). 
Most of the bootstrap values between these isolates and the related clade 
were not enough high to support their inclusion and the length of their 
branches also demonstrates a difference in terms of evolution. Moreover, ST 
69 and ST 70 were previously analysed by the Structure software, showing a 
clearly visible distinction from the clades close to them.  
 
89 
 
 
 
 
 
Fig. 17. Neighbor-joining tree based on the concatenated sequences of the six housekeeping 
genes. The tree shows the structure of the Aeromonas population comprised of 250 STs and 
the 11 clades identified. 1: A. schubertii; 2: A. media; 3: A. salmonicida; 4: A. bestiarum-
popoffii; 5: A. hydrophila; 6: A. enteropelogenes; 7: A. caviae; 8: A. jandaei; 9: A. sobria; 10: A. 
allosaccharophila; 11: A. veronii.  
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A particular case involves the A. hydrophila clade whose bootstrap value 
corresponds to 77. This clade is  visibly formed by two minor groups: one 
comprising the type strain of A. hydrophila ATCC 7966T and the other 
including the reference strains of A. hydrophila subsp. dhakensis. The 
bootstrap value between these two groups is 87. The phylogenetic tree 
demonstrated that the three reference strains assigned to A. hydrophila 
(NCIMB 1134 and CECT 398) and to A. sobria (NCIMB 75) belonged to 
different clades: A. bestiarum-popoffi and A. veronii respectively, as resulted 
from the first phylogenetic analysis. Moreover, the A. veronii CECT 4908 and 
A. bestiarum CECT 5233 reference strains grouped with A. allosaccharophila 
and A. hydrophila respectively. The analysis of the single gene trees showed a 
general maintaining of the strain relationships indicated by the neighbor-
joining tree of the concatenated sequences (data not shown), although all the 
genes revealed some differences in a few clades which referred to the same 
distribution changes found in the single gene trees obtained for the 96 
strains. 
  
   3.5 Distribution of the Virulence Genes 
After the preliminary PCR screening and statistical analysis conducted in the 
first part of the study, 3 virulence genes (ahh1, act-asa1 and ast) were chosen 
to analyse the remaining strains. These 3 markers were chosen as the most 
informative virulence genes among the 6 factors initially considered: eno was 
widely distributed among the Aeromonas species and was not considered  an 
informative marker, while ascV and aexT were mainly amplified for A. veronii 
clade. The majority of the strains tested resulted negative for all of the 3 
markers, followed by a group of strains which were positive for the 
amplification of act-asa1 gene. Few strains presented the ahh1 gene and only 
2 were amplified for ast (Table A1). All the PCR amplifications were repeated 
twice in order to limit false positive and negative results. Considering the 
clades identified by the phylogenetic analysis, some species-virulence 
connection is visible: most of the A. caviae strains did not present any 
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virulence factors, the majority of A. media and A. allosaccharophila were not 
amplified for the three markers, but some of them were positive for act-asa1 
gene; A. hydrophila, A. salmonicida, A. bestiarum-popoffii and A. jandaei mostly 
presented both act-asa1 and ahh1 genes, while A. veronii group included 
several strains positive for act-asa1. The unique strains positive for ast gene 
were the A. caviae reference strain CECT 5241 and the ST 211 clustered in 
the A. hydrophila clade. 
 
   3.6 Recombination Events in the Aeromonad Population 
SplitsTree software was again used to detect the presence of recombination 
among the final aeromonad population. The concatenated sequences of all 
the 250 Aeromonas STs were analysed by the split-decomposition methods 
previously applied on the first 96 strains. The analysis of the concatemeres 
detected significant evidence of recombination (P < 0.0001) and the tree 
showed many cycles that are indicators of conflicting signals of phylogeny 
and therefore of a potential effect of recombination (data not shown). In 
addition, each housekeeping gene was analysed separately: no gene was 
significantly affected by recombination, except for ppsA which exhibited a 
significant P value (P < 0.05). In order to evaluate if recombination events 
interested particular species or clades, the concatenated sequences of the 
most representative groups (A. media, A. salmonicida, A.hydrophila, A. caviae 
and A. veronii-A. allosaccharophila) were also studied by the split 
decomposition method. Significant presence of recombination was detected 
in every group analysed.  
 
   3.7 Presence of Clonal Relationships 
Microevolutionary relationships among closely related genotypes may be 
best disclosed by the analysis of allelic profiles rather than sequences 
because the former approach is less affected by the disturbing effect of 
homologous recombination [122]. In the present study, clonal families were 
defined as groups of strains linked by 5 alleles out of 6, named single-locus 
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variants (SLVs). Relationships within the Aeromonas population were 
analysed by using PHYLOViZ software which identifies clonal complexes 
(CCs) and also allows the visualisation of some defined environmental 
characteristics. In our case, the strains source type was considered.  
The goeBURST analysis revealed the rarity of closely related genotypes: only 
10 clonal groups (CGs) were identified among the 250 Aeromonas STs 
(Fig. A5). The majority of CGs involved strains with the same source type: 4 
CGs were found between strains isolated from fish (ST 39 – ST 67; ST 127 – 
ST 140; ST 132 – ST 137 and ST 150 – ST 162), 3 CGs were identified between 
strains of human origin (ST 17 – ST 166, ST 93 – ST 111 and ST 94 – ST 95), 1 
CG was found between two strains isolated from the same mixed salad (ST 
208 – ST 209) and 1 CG was detected between two strains isolated from the 
same seafood product (shrimps). 1 remaining CG involved two strains with 
different source types: ST 6 (A. media type strain DSM 4881T) and ST 234, the 
first was isolated from water and the latter derived from a fish product (sea 
bass). Most of the CGs were found among A. veronii strains (5 CGs), 2 CGs 
included A. caviae strains and the remaining 3 groups involved 2 A. 
salmonicida and 1 A. media isolates. The higher number of clonal families 
found in the A. veronii clade may depends on the type of evolution of this 
species (frequency of recombination and mutation, geographic origin of the 
clonal strains) but it most likely depends on the higher number of strains 
present in this clade. 
ClonalFrame analysis of the concatenated sequences (Fig. 18) confirmed the 
association identified in the goeBURST analysis. The majority of STs occurred 
as doublets and some occurred as singlets with no apparent clonal 
relationship to each other. The trees obtained from the two runs were 
analysed to assess the convergence through the Gelman and Rubin method 
[68]. The convergence value  was found to be 1.67, a little above the fixed 
threshold value (1.2). The r/m ratio was calculated for the entire population 
to evaluate whether the high genotypic diversity could be due to 
recombination events and it was found to be 0.75. In addition, each node was 
separately analysed for the presence of evident recombination and most of 
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was similar to the tree topology obtained by the neighbor-joining analysis, 
although some differences were found especially in early branches. 
 
 
 
 
Fig. 18. Tree inferred by ClonalFrame showing the relationships within the 250 ST analysed 
in this study. Red dots indicate the recombination events found to be significantly supported. 
The species clades identified by the Neighbor-joining phylogeny were showed with the same 
enumeration reported in Fig. 10. 
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   3.8 Aeromonas Population Structure 
Structure software was applied to the 250 STs of Aeromonas spp.  
The methods employed to assess K detected two different numbers of 
subpopulations. The L(K) model identified 15 groups, while the approach 
implemented by Evanno and colleagues (ΔK) detected 2 main sub-
populations (Fig. 19) 
 
 
 
Fig. 19. Bar plots of the Structure outputs obtained from the analysis of the 250 Aeromonas 
STs. The first figure represents the 2 subpopulations supported by the ΔK results, while the 
second shows the 15 subpopulations of the L(K) method. 1: A. bestiarum-popoffii; 2: A. media; 
3: A. jandaei; 4: A. salmonicida; 5: A. schubertii; 6: A. caviae; 7: A. sanarellii; 8: A. taiwanensis; 
9: A. encheleia-eucrenophila; 10: A. molluscorum; 11: A. veronii; 12: A. allosaccharophila; 13: A. 
sobria; 14: A. enteropelogenes; 15: A. hydrophila. 
 
In the model supported by the ΔK approach, the 2 groups differed mainly in 
the source type. The first subpopulation (red colour in the figure) includes 
species mostly isolated from fish A: veronii, A. sobria, A. allosaccharophila, 
A.popoffii and A. jandaei (that represents the only exception as it was isolated 
from human cases), while the second subpopulation (green colour in the 
figure) comprises all the remaining species which were mainly of food and 
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human origin. The single species (A. schubertii, A. molluscorum, A. 
taiwanensis, A. sanarellii, A. tecta, A. eucrenophila and A. encheleia) clustered 
in the second subpopulation. On the other hand, the L(K) model identified 15 
subpopulations, that corresponded to the 15 main Aeromonas species 
considered in this work. In this case, then, the differentiating parameter to 
divide the subgroups seemed to be the ‘species-level’. Within the same 
species, the majority of strains were homogeneous, even if some strains 
presented gene sequences typical of other species.  The single species listed 
above formed single populations: in particular, A. schubertii, A. molluscorum, 
A. taiwanensis and A. sanarellii showed the presence of regions different from 
all the other populations identified, indicating the potential import or sharing 
of DNA regions with other species not considered in this study. A. tecta, A. 
eucrenophila and A. encheleia formed a unique subpopulation. 
 
  3.9 Environment and Genome Association in AdaptML 
The concatenated sequences of the 250 STs were analysed by the software 
AdaptML to infer potential associations between the strain genotype and the 
environment: AdaptML groups strains with shared ecology in so called 
‘habitats’. Two environmental features were considered in this study: the 
source type (Human, Fish, Dairy products, Vegetables, Seafood and Water) 
and the virulence pattern, described as 0, 1, 2 or 3 virulence genes (ahh1, act-
asa1 and ast). The software supports the maximum likelihood phylogeny and 
a PhyML tree was used as input. 
AdaptML inferred two habitats, one containing strains predominantly 
isolated from fish (H1) and the other including strains mainly found in food 
and humans (H2) (Fig. 20). Although a clear division is visible between the 
two groups, some strains are found out of their expected habitat: this may be 
due to spillover transmissions or to host switching events but the first 
hypothesis is more likely to happen. The branching order was generally 
similar to that obtained from the neighbor-joining analysis, although some 
differences are visible especially in ancient branches. This means that the 
deep phylogeny still need to be solved, but it is important to report that the 
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strain distribution resulted from the AdaptML analysis also relies on the 
environmental variables attributed to each strain. 
A species-host association results from most clades: A. enteropelogenes, A. 
hydrophila subsp. dhakensis and A. jandaei are exclusively related to human 
cases; A. media and A. caviae mainly present strains isolated from food; A. 
hydrophila, A. salmonicida, A. bestiarum, A. allosaccharophila and A. sobria are 
mostly characterised  by fish isolates (A. sobria included only strains isolated 
from fish). The majority of A. veronii strains were isolated from fish but 13 
strains had human origin, a number that is higher compared to all the other 
“human” clades. The fish isolates mainly belong to H1, while the strains 
isolated from seafood (including salmon and sea bass) are included in H2, 
indicating that the Aeromonas species involved went through different 
environment/host adaptations.  
The second feature considered in the AdaptML analysis was the virulence 
pattern. The tree reveals that there is no clear distribution of strains 
depending on the virulence genes. Moreover, a correlation between virulence 
pattern and source type is not visible, in particular there is no correlation 
between virulence and human origin. It is important to bear in mind that the 
markers considered in this work are general markers of virulence, widely 
distributed among Aeromonas species. Thus, this result was expected and a 
potential connection between pathogenicity and virulence genes needs to be 
further investigated. However, the few strains carrying all the three genes 
belong to A. hydrophila, A. salmonicida and A. bestiarum: no other species was 
found positive for the whole pattern (except for one A. veronii strain isolated 
from vegetables).  
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Fig. 20. A maximum likelihood phylogeny of the 250 STs derived from fish, water, food and 
human sources. Projected habitats are identified by coloured circles at the parental nodes. 
External bars represent the source (internal ring) and the virulence pattern (external ring) 
(NA: not available). The species clades were numbered as reported in the MEGA neighbor-
joining tree. 
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   3.10 Antibiotic Resistance in Aeromonas  
An additional phase of the work involves a different subject of analysis which 
is related to the evaluation of the antibiotic resistance in Aeromonas spp.. 
The work was conducted in collaboration with the University of Bath (United 
Kingdom) and Cefas (Centre for Environment, Fisheries and Aquaculture 
Sciences - Weymouth, United Kingdom). The study represents the 
progression of a work conducted by Verner-Jeffreys and colleagues [211] to 
evaluate the presence of antimicrobial resistance genes among a selected 
Aeromonas population isolated from ornamental fish. As reported in the 
Introduction section, a high positivity of resistance to more than seven 
classes of antibiotics was found, representing a problematic issue in this field 
and clearly depending on the wide use of antimicrobials to directly control 
bacterial infections in ornamental fish. 
Consequently, Verner-Jeffreys and collaborators sequenced the genomes of 5 
strains of Aeromonas spp. isolated from ornamental fish by the 454 
sequencing method. At the same time, the 5 strains were also analysed for 
the presence of 30 different antimicrobial resistance genes using a 
miniaturised microarray including more than 90 probes. The genes evaluated 
belonged to the most important classes of antimicrobial resistance genes (β-
lactamases, tetracyclins, aminoglicosydes, quinolones, macrolides, 
trimethoprim, etc.). 
The analysis conducted in the present study involved the validation of the 
microarray results by the evaluation of the presence of the resistance genes 
in the genomes obtained from the 454 sequencing method.  
First, the 5 genomes were analysed through the MLST method developed in 
this study to characterise them at the species-level and they were identified 
as 4 A. hydrophila and 1 A. caviae strains. 
The microarray analysis yielded to the identification of positive results for 
the majority of the antibiotic classes considered (Table 16). The confirmation 
of the microarray results was conducted running a local blast between the 
probes used in the microarray analysis and the contigs obtained from the 454 
sequencing. The 80.8% of microarray results were confirmed by the 
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sequence data of each strain, demonstrating the presence of a wide antibiotic 
resistance of the Aeromonas strains considered. The 9.6% of the microarray 
positive results were not confirmed on the 5 Aeromonas genomes, while the 
remaining 9.6% of the positivity was not analysed yet. The four A. hydrophila 
strains showed a higher presence of antimicrobial resistance genes, while the 
A. caviae strain was much less tolerant to the antibiotics. This result may 
depend on Aeromonas species distribution, as A. hydrophila is known to be 
more present in the aquatic environment than A. caviae. 
 
 
Table 16. Microarray results of the analysis of the 5 complete genomes of Aeromonas spp.  
Each columns reports the number of probes found to be positive per antibiotic class or 
molecule. The confirmed results by blast analysis are also reported. 
 
 
A. hydrophila 
8016 
A. caviae 
8063 
A. hydrophila 
8033 
A. hydrophila 
8046 
A. hydrophila 
8094  
 
M B M B M B M B M B 
Aminoglycosides 3 3 1 1 4 3 1 1 3 2 
Β-lactamases 0 
   
1 1 
  
3 2 
Carbapenem 
    
1 ND 
  
2 ND 
Macrolides 1 1 
  
1 ND 1 1 2 ND 
Streptogramin 0 
       
1 ND 
Sulphonamide 2 2 1 1 1 1 1 1 1 1 
Tetracyclines 2 2 1 1 1 1 2 2 1 1 
Trimethoprim 1 1 
  
1 1 1 1 1 1 
Quinolones 1 1 1 1 1 1 1 1 1 1 
Chloramphenicol 1 1 
  
2 1 
  
2 1 
M: Microarray; B: Blast; ND: Not determined. 
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   4. DISCUSSION 
 
Aeromonas is a genus of growing interest due to its pathogenicity for aquatic 
organisms, its pathogenic effects in humans [104, 167] and its spoilage action 
in food. The knowledge of the main characteristics of Aeromonas species and 
strains, such as ecological, environmental and host distributions, is currently 
hampered by the lack of precise delineation of genetic clusters at the species, 
subspecies and clone levels. In addition, the absence of an animal model of 
disease makes harder to definitively assess the real pathogenicity of this 
genus. As a connection between species and pathogenicity could exist, a 
reliable identification of isolates, especially in raw food which is becoming 
more and more popular, is necessary to establish the risk associated with 
their prevalence. During the past decade, Aeromonas genus was subjected to 
an explosion of studies tailored to understanding its molecular biology, and 
at the present time four complete genomes of Aeromonas spp. have been 
sequenced [17, 120, 169, 181]. Taxonomic studies involving the sequencing 
of housekeeping genes coupled to traditional phenotypic approaches 
continued to identify new Aeromonas species, thus expanding the 
phylogenetic breadth, depth and diversity of these environmental 
microorganisms. Presently, MLST is considered to be one of the most 
promising and practical methods for bacterial species delineation [22, 76, 77] 
and it has been applied to many bacterial genera, leading to the opening of 
several on-line databases which represent a very useful tool to share and 
compare sequencing data among different laboratories. 
The main objective of this study was to develop a MLST approach for the 
characterization of the Aeromonas genus and to apply it to a collection of 
strains (reference/type and field strains) isolated from the main sources of 
Aeromonas spp. (aquatic organisms, foods and humans) in order to solve the 
complicated taxonomic issues typical of some Aeromonas species, to evaluate 
the presence of a connection within the three habitats and a potential 
species-host association. At the same time, different phenotypic approaches 
have been applied to the Aeromonas population considered, with the aim to 
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highlight the differences between the microbiological and biomolecular 
methods applied on this genus and to identify their respective advantages. 
 
4.1 Microbiology in the Aeromonas genus 
Starting from the ‘microbiological point of view’, the study gave new insights 
into the reliability of the phenotypic methods towards the Aeromonas species 
identification. Microbiology and molecular biology are inherently different in 
practice, even conflicting in their applicability and in what concerns all the 
different needs and results the two approaches give. The reasons why 
microbiological methods are still widely used, even for specific reasons, such 
as bacterial species-identification, rely on the standardisation of some 
methods and because they are generally easy to use. They clearly need to be 
used to characterise the phenotypic mechanisms of the bacterial species, 
which represent fundamental characteristics, but they are often approximate 
in giving a deep characterisation of bacteria and are time-consuming. 
The aim of this work was not to address the analysis of Aeromonas towards 
one of the two approaches, but to identify the positive sides of each of them 
in order to choose which aspects are better defined by one or the other 
method. The microbiological techniques used in the present work were 
directed to the analysis of different features of the genus Aeromonas: from 
one side, 31 phenotypic tests were chosen to evaluate their capacity in 
differentiating Aeromonas species. On the other hand, microbiology was 
investigated through the evaluation of different media towards the isolation 
of Aeromonas spp. from food products which represent a difficult matrix to 
treat in bacterial isolation.  
Considering the first topic, microbiology results were coupled to statistical 
tests to better understand the significativity of the data in association to 
Aeromonas species designation. Even if some complexes were generally 
discriminated, no real connection was found between the phenotypic 
behaviour and species level, as reported in the dendrogram (Fig. 9). The 
biochemical tests showed an individual test variance (Si2) that suggests the 
possibility of erroneous  results due to discrepancies between replicates. In 
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any case, Si2 was acceptable and similar to previous results reported for 
Aeromonas spp. [190, 208]. The NPC test permitted the selection of the most 
useful phenotypic characteristics (14 out of 31) to obtain a general clusters 
definition among the Aeromonas population and the tests selected by the 
statistical approach were a subset of those previously proposed for routine 
uses in the clinical laboratory [2, 32, 208]. However, there was no defined 
‘phenotypic edge’ between the species and several strains belonging to the 
same species, such as A. sobria, clustered in different groups. Thus, again, 
there is not always a correlation between phenotypic behaviour and genome 
species in the genus Aeromonas . This means that, in some cases, there is no 
typical behaviour depending on the species. Clearly, it is already known that 
some species present defined features (A. sobria is ornithine decarboxylase-
negative, while A. veronii is positive), but they do not represent a sufficient 
pattern to correctly assess the Aeromonas species. This result is useful and 
demonstrates that the Aeromonas species are widely diverse in terms of 
phenotypic mechanisms, even within the same species. This could depend on 
many reasons, such as the evolution each strain went through, or the 
adaptation mechanisms to a particular habitat. This was also supported by 
the discrepancies found between phenotypes and STs, but the variability 
highlighted by the two approaches may have a different meaning. 
Nevertheless, the phenotypic method used in this study was able to clarify 
important issues regarding some taxa. 
A. veronii biovars and A. allosaccharophila 
It is the case of A. veronii biovariants: the genotype divergence of the two 
biovars (A. veronii bv. veronii and A. veronii bv. sobria) is low, but they 
represent two heterogeneous phenotypes [194]. In contrast, our data 
demonstrate that A. veronii population is phenotypically homogeneous. 75% 
of the strains were ascribed to or found to be closely related to phenon 7 (Fig. 
9), 5% could be ascribed to A. veronii bv. veronii (cephalothin sensitive, 
esculin positive) and the other 20% presented atypical or unclustered 
profiles. Moreover, the A. veronii cluster could be phenotypically 
characterized by 12 tests (Table 10) that give statistically different results in 
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comparison to the other genetic clusters. According to genetic data, also the 
A. allosaccharophila cluster could be phenotypically differentiated from A. 
veronii by using cephalothin resistance, beta-hemolysis, citrate, and L-
arabinose tests (Table 10).  
A. sobria 
In the present study, the A. sobria population was composed of several 
phenogroups (phenons 1, 3, 5, 7, 8, 13, 14, and 15) and several single profiles. 
This heterogeneous distribution of phenons has also been observed by other 
authors [208]. Moreover, CECT 4245T (A. sobria) showed the same 
phenotypic profile as A. veronii bv. sobria, but other clusters displayed higher 
variability on test reactions useful for the description of species (such as 
indole and acid from sucrose and D-mannitol). Furthermore, the A. sobria 
population can be phenotypically distinguished from other groups by using 
14 alternative tests (Table 10).  
A. salmonicida and A. bestiarum 
Unlike MLST data, the phenotypic discrimination between A. salmonicida and 
A. bestiarum failed for half of the strains of these species, ascribing them into 
a unique group. In addition, as reported by other authors [2, 208], A. 
bestiarum and A. hydrophila fit into the same phenogroup, described as the A. 
hydrophila complex.  
A. media, A. caviae and related species 
The phenotypic traits of A. media, A. caviae, A. encheleia and A. eucrenophila 
type strains were in substantial agreement with previous literature [7, 89, 
208]. The subpartition of clusters in two related taxa (A. caviae-A. media and 
A. eucrenophila-A. encheleia) permitted a more reliable phenotypic 
identification of the A. caviae-A. media species through the NPC test 
methodology (data not shown).  
 
The second line investigating the reliability of microbiology refers to the 
recovery capacity of three laboratory media often used for the isolation of 
Aeromonas spp.. CIN, AE and GSP agar were tested in this work, leading to the 
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definition of important characteristics and limits of all the three media. 
CIN agar is widely used in microbiology and for Aeromonas spp. isolation, as 
well as AE agar, expressly employed for the Aeromonas genus, while GSP agar 
is less used than the others towards aeromonads. The present work 
investigated their capacity to recover Aeromonas from food products, which 
are not matrices usually tested in microbiology to evaluate the isolation 
ability of laboratory media due to their high complexity. Moreover, the 
information available on the media characteristics towards Aeromonas spp. 
are commonly associated to other sources, especially the clinical ones [104]. 
Thus, the evaluation of the recovery capacity represented a challenge, but 
gave new interesting insights into the selection of the isolation techniques 
directed to the Aeromonas genus.  
First of all, 18 out of 34 food products carried Aeromonas spp., a result that 
confirms the wide presence of this genus in foods [196]. Among the 16 
samples resulted negative for Aeromonas presence, 10 were buffalo 
mozzarella cheeses, where aeromonads were not expected to be present as 
demonstrated by other works [196, 213]. The three laboratory media were 
widely tested for several features related to the isolation and bacterial 
counting and GSP was found to be the best medium, allowing the isolation of 
the highest number of typical colonies later confirmed as Aeromonas spp. by 
MLST. At the same time, the medium gave the most congruent data between 
qualitative and quantitative approaches, that is the majority of the typical 
colonies isolated by the qualitative method were also counted, while the 
other two media failed in sensitivity. AE agar revealed to be good in 
discriminating the atypical colonies, but presented many false positive 
results that could not be included in a reliable screening analysis for 
Aeromonas research. CIN agar was found to be unreliable, both for the 
isolation of typical colonies and for the discrimination of the atypical ones. 
These results support the data already available on CIN agar [104] although 
this medium is still commonly used in laboratories for Aeromonas isolation, 
especially from clinical samples.  
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An interesting data was the percentage of colonies described as typical, but 
demonstrated not to belong to Aeromonas spp. Some colonies that were 
oxidase negative (Rahnella spp., Yersinia spp., etc) or O/F negative 
(Pseudomonas spp.) passed the biochemical screening. These tests were 
chosen on purpose to avoid the inclusion of those genera which have 
different characteristics than Aeromonadaceae. However, some papers 
already demonstrated that they are not error-free [146, 199]: biochemical 
tests can be approximate in some cases and the results depend on the 
operator’s interpretation that can be wrong, especially for the O/F test used 
in this work. At the same time, the 24% of the colonies described as atypical 
were found to be Aeromonas. In addition, the false positive and negative 
results also rely on the different behaviour that specific strains can have 
towards the biochemical tests considered. Within the same genus, the strains 
may present diverse characteristics resulted from a different evolution and 
adaptation mechanisms. Thus, all these data can lead to  mistakes in bacteria 
classification through biochemical tests. 
The counting obtained for Aeromonas spp. among the food products varied 
from < 102 to 107 CFU/g, result that is identical to previous works conducted 
on the identification of Aeromonas in food [148, 207] with the highest 
concentrations found in ricotta cheeses and seafood. In particular, the latter 
one carried the highest number of Aeromonas isolates, considering the 
proportion ‘number of isolates per food sample’, results that confirms the 
information reported in other studies [196]. These data clearly highlight the 
widespread distribution of Aeromonas in ready-to-eat foods and also reveal a 
large variation in the level of contamination. The highest concentrations 
might be a reflection of product-specific properties that can significantly 
influence the survival rate and growth characteristics of Aeromonas, such as 
the initial contamination levels, type of processing, method of packaging and 
preservation [148]. 
It has been demonstrated that the species isolated from foods possess 
haemolytic, cytotoxic and enterotoxigenic properties and could pose a risk 
for consumers' health [196], but despite their presence, the infection and the 
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onset of gastroenteritis will only occur if the level of the contamination 
exceeds the infective dose. However, there are currently insufficient clinical 
data to determine the infective dose. 
Summarising the results reported above, Aeromonas was proved to be a very 
diverse genus in terms of phenotypic behaviour, even for specific features 
and reactions that are often conserved within a bacterial species. The media 
routinely used in laboratory for Aeromonas isolation were not reliable in 
recovering aeromonads from food matrices and, interestingly, GSP 
demonstrated to be the most sensitive both for the identification and the 
quantification of Aeromonas spp. in ready-to-eat foods which were widely 
positive for Aeromonas presence. The data obtained gave an overall support 
to the information already available on the Aeromonas genus, giving new 
specific details on a practical screening for the recovery of these species and 
identifying a pattern of phenotypic characteristics able to give a general 
species definition. 
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   4.2 Aeromonas spp. characterisation by MLST and their 
distribution in the environment 
The present work was mainly based on the investigation of the genetic 
diversity and population structure of the genus Aeromonas. The objective was 
to clarify the taxonomic uncertainty of some species and to study the species 
distribution among the different environments. In addition, the work gave 
new insights into the mode of evolution of the Aeromonas population. 
The MLST developed in this study revealed to be a practical and reliable tool 
for characterising the genus, allowing the opening of the first Aeromonas 
MLST database on-line (www.pubmlst.org/aeromonas).  
The first result that comes from this work is the identification of a high 
genetic variability among the Aeromonas species, diversity that is much 
higher than observed for many other environmental bacteria [15, 173, 209]. 
Among the 258 strains, 250 STs were identified and a considerable 
divergence among the concatenated sequences was found, considering both 
strains contained in the same clade (intra-species) and strains in different 
clades (inter-species) of the phylogenetic tree. The majority of STs occurred 
as singletons and the high level of sequence diversity is also evident in π and 
θ values. The analysis of the concatenated phylogeny clearly separated the 
major species and strains grouping was consistent with other phylogenetic 
studies published on Aeromonas spp. with the exclusion of A. sharmana DSM 
17445T from the genus [134] and the clustering of A. schubertii at the deepest 
branch [116, 194, 219]. However, the resolution and the discrimination 
power on intra-cluster strains achieved in this study with application of a 
MLST scheme showed higher sensitivity than in the studies reported above. 
They used one to three genes to characterise the strains and this low number 
of targets is not sufficient to give a strain typing. The study of six gene 
sequences increased the resolution of the analysis by joining the combined 
capacities of all molecular clocks. In fact, the reliability of differentiating 
closely related taxa was significantly improved, as attested by the 
comparison of the concatenated sequence tree with the single gene trees  
(Fig 17).  
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Other recently published works developed multilocus sequences analyses for 
characterising Aeromonas spp. and at the present time, three MLST schemes 
are available. These three approaches differ on some features. The MLST 
developed by Martinez-Murcia and colleagues [128] was applied on 115 
strains selected from the private collection of Molecular Diagnostics Centre 
(MDC – Alicante, Spain). The collection included the type strains of the known 
described Aeromonas species and was very useful to understand some issues 
related to controversial species and to better characterise the intra- and 
inter-species levels. The phylotaxonomy reported by Martínez-Murcia is 
consistent with our results, although some differences in the phylogenetic 
relationships within some species are visible. In particular, A. schubertii did 
not result at the deepest branch of the tree as it appears in all the other 
phylogenetic works conducted on Aeromonas spp. [134, 130, 194, 219]. The 
reason could be related to the algorithm used to build the tree or the 
inclusion of two other species very close to A. schubertii (A. simiae and A. 
diversa) which yielded to a different distribution of this group. However, the 
separation of A. schubertii is supported by the long branch distance found 
between this species and the other Aeromonas.  
The work by Martinez-Murcia gave a very clear description of all clusters, but 
did not explore the mode of evolution or the adaptation of the species 
considered. On the contrary, this topic was better addressed by Roger and 
colleagues who recently proposed the third MLST scheme [171]: they 
investigated 195 strains of Aeromonas spp., including human, animal and 
environmental sources. Comparing the three approaches, the phylogenetic 
relationships and the strain distribution in the trees are very consistent to 
each other, even if the genes are different within the three studies. As already 
reported, Roger and colleagues focused on the analysis of population genetics 
dealing with recombination and clonality and they also gave a general 
description of the distribution of the strains depending on the sources, but 
the presence of a connection between species and habitat was not deeply 
investigated. They also characterised the 195 strains considering the 
ribosomal multi-operon diversity by PFGE and PCR-temporal temperature 
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gel electrophoresis (TTGE) [172]. All these techniques demonstrated a high 
variability among Aeromonas  species, even when ribosomal genes were 
analysed, which reflect the behaviour of aeromonads as water-living bacteria.  
In this work, the nucleotide diversity of the 258 Aeromonas strains was 
investigated. The variable sites (39.1%) fitted well within the overall values 
found for single genes, indicating a good balance of variable/conserved 
fragments. High diversity was found in all clades, although A. caviae exhibited 
less variability (0.017 compared to an average of 0.029). This result was also 
found by Roger and colleagues: A. caviae was demonstrated to be the less 
variable Aeromonas species, among the representative clades considered in 
this study. Moreover, the dN/dS ratio was the highest compared to the other 
species, indicating that, when variations occurred, they have more often been 
non-synonymous. As suggested by Roger, positive selective pressure is 
unlikely to explain this phenomenon, but, in this context, the occurrence of 
deleterious mutations linked to demographic effects experienced by the 
population represents a hypothesis that can explain the genetic 
particularities of A. caviae. However, even if A. caviae showed the lowest 
variability, the majority of the isolates belonging to this species were all 
different from each other. The occurrence of mutation has a particular 
importance in describing the Aeromonas genus. The estimator of the 
mutation rate (Tajima’s D) was close to significant values, especially for A. 
veronii, even if the number of strains considered for each species is not 
enough high to study their evolution in depth. Values were all less than 0 and 
for the most significant ones (such as those of A. veronii, A. caviae and A. 
salmonicida) support the model of growing populations. The internal 
branches of the trees, especially for these clades, are comparatively shorter, 
which implies that Tajima’s D should be negative and this is interpreted as 
evidence for population growth in many studies [210].  
The high presence of diversity was also studied by Benagli and colleagues 
[18] through an innovative method applied for the characterisation of 
Aeromonas species: the matrix-assisted laser desorption/ionisation-time of 
flight mass spectrometry (MALDI-TOF MS). Benagli and coworkers 
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characterised 92 Aeromonas strains giving a species clustering through a 
dendrogram obtained by the mass spectra results. The species differentiation 
was reliable in most cases, although some complexes were not distinguished 
(such as A. allosaccharophila which was described as A. veronii). 
The MLST method developed in the present study permitted to further 
investigate and clarify several controversial phylogenetic and taxonomic 
positions. The results gave an overall support to the other phylogenetic study 
conducted on Aeromonas spp. [128]. 
A. veronii and A. allosaccharophila 
As highlighted by other works [134], A. allosaccharophila appears in close 
proximity to the A. veronii group in phylogenetic trees. Other genomic 
approaches, such as AFLP genotyping and dnaJ sequencing [89, 142], have 
suggested that A. allosaccharophila occupies a taxonomically uncertain 
position with respect to A. veronii, but it is considered to be a different 
species [219]. In the phylogenetic tree obtained in this study from the 
concatenated sequences, A. allosaccharophila strains are near A. veronii, but 
are located in different phylogenetic lines, both by the neighbor-joining 
analysis and by the maximum-likelihood approach. Therefore, our method 
clearly separated the two species and reported a high value of nucleotide 
diversity between these two groups (0.033). A similar result was reported by 
Martinez-Murcia et al. [128]. The problematic taxonomic position of the A. 
allosaccharophila group could be explained by the mixed genotypic situation 
that is clearly visible from the Structure analysis (Fig. 11 and 19).  
A. sobria 
The A. sobria genogroup contains only CECT 4245T as type strain and 23 field 
strains. The taxonomical status of A. sobria was described as controversial in 
relation to the A. veronii bv. sobria [104]. Although several studies 
differentiated the two species [128, 134, 219], some authors grouped them in 
the same taxon [2, 160] and Khajanchi and coworkers considered A. sobria to 
be synonymous with A. veronii bv. sobria [109]. To clarify this point, the CECT 
4246T (A. veronii bv. sobria) was selected to be included in the MLST study. 
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Unfortunately, despite several attempts with alternative primers for the ppsA 
gene, the DNA extracted from this strain was not amplified and was therefore 
excluded from the MLST analysis. In order to elucidate the phylogenetic 
location of this type strain, the analysis was repeated using the concatenated 
sequence of five genes (excluding the ppsA sequence; data not shown) and 
the results clearly demonstrated the position of A. veronii bv. sobria in the A. 
veronii genogroup. Thus, from the MLST and phylogenetic analysis, a definite 
division between A. sobria and A. veronii is visible. Moreover, the two groups 
seemed to fit in different water environments, seasons, and host ranges, as 
reported by MLR analysis and by the AdaptML tree. 
A. salmonicida, A. bestiarum and A. popoffii 
In previous studies, the interrelationship between A. salmonicida and A. 
bestiarum has been reported as difficult to define, due to a low level of 
nucleotide variation, analyzing both the 16S rRNA gene [125] and gyrB [219] 
sequences. In contrast, MLST analysis clearly discriminated the two groups 
with high nucleotide diversity (0.043), and both the phylogenetic trees 
generated in this study showed two distinct sub-branches. The type strain of 
A. popoffii was confirmed to be closely related to A. bestiarum, as previously 
reported [194], but they were clearly separated with a nucleotide diversity 
value of 0.030.  
A. caviae and A. media  
In agreement with previous studies [134], A. caviae, A. media, A. eucrenophila, 
and A. encheleia displayed related but different phylogenetic lines. This is 
visible on the neighbor-joining tree obtained from the analysis of the 96 
strains considered in the first part of the work (Fig. 10), but when the total of 
258 strains were analysed, A. caviae and A. media were clearly separated (Fig. 
17). This, again, is a consequence of increasing the number of strains with 
different characteristics but belonging to these species, which aid to obtain a 
better characterisation and a defined separation of the two clades. 
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A. hydrophila subsp. dhakensis and A. aquariorum 
Several studies demonstrated the close relationship between A. hydrophila 
subsp. dhakensis and A. aquariorum, likeness that is also confirmed by 
similar phenotypic characteristics [13, 127]. This study demonstrates that A. 
hydrophila subsp. dhakensis is separated from the A. hydrophila group 
represented by the type strain ATCC 7966T and that the reference strains 
belonging to the subsp. dhakensis were distributed similarly to A. 
aquariorum strains considered in other studies [13, 217]. Thus, the A. 
hydrophila subsp. dhakensis should be finally renamed as A. aquariorum. 
The variability and the mutation impact in the Aeromonas population 
considered in this work were also investigated by ClonalFrame analysis 
which counts both for mutation and recombination. It represents a powerful 
tool for understanding the relationships within different strains and it is 
more accurate than phylogeny as it takes into account the presence of 
recombination. The horizontal gene transfer (HGT) can facilitate the spread 
of adaptive mutations and has the potential to disrupt the strictly vertical 
patterns of inheritance. This is particularly important for ubiquitous bacterial 
genera, such as Aeromonas, in which the shuffling of the alleles within a 
population yield novel genetic combinations that can lead, among other 
things, to the evasion of host immunity, the emergence of multiple drug 
resistance, adaptation to new environments and the evolution of increased 
pathogenicity [14]. The outstanding result from the ClonalFrame analysis 
refers to the r/m values obtained for the different populations considered in 
this work. When the 96 strains mainly isolated from fish were investigated, 
the value was low (0.15), while it increased to 0.75 when the whole 
population, comprising strains from diverse habitats, was analysed. This 
confirms the importance of the number and the typology of the strains 
considered in such analyses. The value obtained in this work is similar to 
those typical of other bacterial species, such as Lysteria monocytogenes, 
Bacillus cereus and Oenococcus oeni [215] and supports the analysis 
conducted by Silver et al. [189] on A. veronii. Evidence of recombination was 
also shown by the occurrence of several significant recombination events 
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(Fig. 18) and by the statistical analysis of the split decomposition model. 
Interestingly, increasing the number of strains modified the evidence of 
recombination also when the single genes were evaluated. The ppsA gene was 
significantly affected by recombination among the 96 strains isolated from 
fish, while the unique gene interested by recombination was recA when the 
total of 258 strains was analysed. This, again, demonstrates the importance 
of the representativeness of the population subjected to evolution studies 
and its characteristics (such as the source, the geographic barriers or niche 
variation). The frequency of recombination found in this study was higher 
compared to the study by Roger [171], even if the latter work included 
strains of diverse origins. This result may originate from the difference 
between the genes evaluated and the methods employed to detect 
recombination. Nevertheless, as discussed by Didelot and Maiden [47], the 
estimation of the recombination rate in bacteria remains a problematic task 
due to the importance of the sampling schemes and the analytical 
methodologies employed. In addition, it is important to bear in mind that 
many, if not the majority, of the recombination events that have taken place 
during the evolutionary history of a sampled data set will have left no 
detectable trace of their occurrence [163]. These undetectable recombination 
events will include those that have occurred either between identical 
sequences and between quite distantly related sequences; in particular, the 
latter ones might never be detectable if either only a small fragment of 
sequence was exchanged or sequences resembling the recombinant’s parents 
remain unsampled. In conclusion, the methods used in this study supported a 
significant presence of recombination in the Aeromonas population, 
especially in some clades, such as A. veronii, A. caviae and A. hydrophila. As 
already reported, these results support those obtained by some works [189] 
and, at the same time, diverge from others [171]. The solution to this 
controversial situation may consist in further increasing the population 
analysed and focusing on single species separately, as every bacterial species 
might present a peculiar evolution history and behaviour and differ from the 
others even belonging to the same genus. The results reported in this work 
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mainly derived from the analysis of the total population which comprises 
many different species: the separated analysis (genetic variability, 
recombination, clonality, etc.) on each species, with a higher number of 
strains, would definitely give more reliable results that, again, may vary from 
one species to another. Finally, more methods able to evaluate the 
occurrence of recombination should be tested: they can give different 
interpretations on the same population and it could be useful to compare the 
results and to have a wider characterisation of the strains considered. 
The genetic variability, given both by mutation and recombination, together 
with the ability of aeromonads to adapt to diverse niches and the different 
phenotypic behaviour, address the description of the Aeromonas species as 
complexes of species, rather than species sensu stricto [191]. The Aeromonas 
population presents different ‘species-edges’, observation that was 
demonstrated by some lower bootstrap values between some clusters (e.g. A. 
allosaccharophila and A. veronii), the presence of some differences in single 
gene phylogeny (which may be also explained by the occurrence of 
recombination events) and the Structure population analysis which 
highlighted the sharing of some DNA regions between different species. 
Moreover, several strains did not clustered in the recognised clades, but they 
were clearly separated, suggesting that they may belong to other species. 
This diverse edge between subpopulations in the genus Aeromonas 
influences the final results of the different analyses. This is a common 
problem in population genetics as it refers to one of the major difficulties, 
that is to define a bacterial population. The issue is parallel to the problem of 
the definition of bacterial species, as the case of Aeromonas, which has 
received considerable attention in literature [4, 43, 65, 69]. Moreover, the 
recent inclusion of new species, based on the description of only one or few 
strains is not always supported and creates further questions and complexity 
in the understanding of this genus. There are a large number of possible 
meaning hierarchical levels at which the grouping may be performed and this 
may influence the results about the inner relationships among and within 
some species. 
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The presence of clonal relationships was also investigated in the Aeromonas 
population. ClonalFrame and the goeBURST algorithm were employed to 
study the occurrence of clonal inheritance and both of them suggested that 
the emergence of clonal descents was limited in the population considered. 
This result could be due again to the sampled population and the number of 
strains considered. The software investigating clonality clearly needs very 
large dataset to be informative; the population studied in this work is 
relatively small and may not give a very representative picture of the overall 
clonal structure of the Aeromonas species. This is demonstrated by the 
presence of many singletons (represented by the unconnected dots in Fig. 
A5) with some occasional doublets. These few clonal groups were mainly 
found between strains of the same origin, even in cases of different 
geographic source. This means that some clonal inheritance is present in the 
Aeromonas genus, as typical characteristic of bacterial populations, but its 
reliable definition is clearly hampered by the sampled population, and, of 
course, by the analysis of a whole genus. 
The majority of the CGs found were between strains very close to each other 
considering their phylogenetic relationships, except for one CG formed by 
two strains of A. salmonicida (ST 208 and ST 209). In this case, they belong to 
distant branches of the phylogenetic tree: this means that they are SLVs and 
the unique gene that differs from one another presents many variable sites. 
This is a case that could be due to an event of recombination, instead of a 
mutation, as it is unlikely that several mutations occurred in the same gene 
without affecting the others. 
Low clonality was also found by Roger and colleagues in the population 
considered in their work. The grouping was again non-random and was 
observed among strains sharing the same site of isolation. It should be noted 
that clustering procedures are only ever as good as the input data: MLST data 
are based on a small proportion of the genome; thus, inferences drawn from 
them using these software, or any other method, may not be reflective of the 
whole genome [170].  
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The Structure analysis of the MLST data revealed the primary genomic 
populations and allowed the investigation of the potential presence of foreign 
DNA and of gene transfer. The analysis gave two different representations of 
the population considered, each of them related to different aspects. The ΔK 
approach divided the population in two groups clearly related to the source: 
fish and human-food origin, even if some exceptions are present. The lack of a 
defined edge between the two main populations could be due to many 
reasons: the presence of a genetic similarity between two or more species, 
although they have a different origin, the different adaptation mechanisms 
that lead some strains to change their main reservoir or the lack of a 
sufficient number of strains per species which causes an approximate 
clustering (as in the case of A. molluscorum). The Structure model also gave a 
defined grouping of strains based upon the species-level: 15 subpopulations 
were detected considering the L(K) approach, each of them referred to the 
main different species. However, some groups presented mixed genotype: in 
particular, this is the case of the single species or a few isolates; such strains 
are probably not well defined due to the absence of enough isolates 
representing one individual group. The presence of these shared genomic 
regions between strains of different species could refer to the attribution of 
the most similar DNA region chosen among the well represented groups or 
may be due to genetic transfers. However, the accuracy of the methods which 
assess the latter hypothesis is currently completely unknown. 
The exceptional capacity to adapt to different environments is a well-known 
bacterial feature and exploring the relationships between phylogenetic and 
ecological differentiation is a critical step towards understanding the 
evolutionary mechanisms of bacterial speciation [64]. In this study, the 
ability of Aeromonas spp. to switch host and reservoir has been investigated 
using a quantitative model (AdaptML) which is able to establish the 
evolutionary history of ecological differentiation, thus revealing populations 
with specific adaptive characteristics. The ecological differentiation of the 
Aeromonas population was investigated by two different variables 
corresponding to the source of isolation and the virulence pattern. The model 
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identified two habitats that can be described as fish and human-food 
reservoirs. The overall distribution of strains on the maximum-likelihood 
tree was similar to that obtained from the neighbor-joining method; 
however, some differences are visible, especially in the deepest branches. 
This is a result of the AdaptML algorithm which accounts for the genetic 
information given by the concatenated sequences, but also relies on the 
environmental data that are submitted, thus giving a different distribution 
based upon the strains affinity to some habitats. As reported in the 
Introduction, the main Aeromonas species involved in human infections and 
colonization are A. hydrophila, A. caviae, A. veronii and A.  jandaei [104]. In the 
present study, several other species were related to human cases, even in 
small groups. Strains of human origin were found in the A. allosaccharophila 
clade, while A. enteropelogenes, A. hydrophila subsp. dhakensis (A. 
aquariorum),  A. taiwanensis and A. sanarellii were totally isolated from 
human cases of disease. Conversely, A. media, A. salmonicida, A. bestiarum and 
A. sobria clades did not comprise any strains of human origin: this could be 
related to the sampling activity, but to date there is no evidence of a 
connection between these species and infection or colonization in humans. In 
parallel, food strains were found only in some species, while A. sobria and A. 
bestiarum only exhibited isolates from fish. The results found on the 
prevalence of Aeromonas spp. in food products are consistent with other 
studies [139, 149, 196] which demonstrate the high distribution of 
Aeromonas spp. in retail and ready-to-eat foods.  
As already reported, the majority of the ST were different from one another, 
except for two strains; a reference strain of A. caviae isolated from a human 
case of gastroenteritis and an isolate from a RTE sea bass. This result has to 
be considered as the causes of human diseases are likely to originate from 
the consumption of food or contaminated water, and the isolation of a food 
strain which shared the same sequence type of a (potential) human pathogen 
highlights that RTE foods could represent a risk for human health and that 
they have to be monitored. Interestingly, the two strains do not share the 
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same virulence pattern, but this aspect needs to be examined in depth before 
assessing the virulence potential. 
The separation of the two habitats is visible and the point where the habitat 
association is different among closely related taxa has been observed. This is 
the case of A. caviae and A. media where a host-switch event seems to be 
occurred over time. The two species originate from H1, but they 
differentiated in H2 suggesting an adaptation to different reservoirs. The 
analysis conducted in this study on the association between species and 
habitats partially explains this ‘host-preference’ showed by Aeromonas spp. 
The phylogenetic and ecological analyses seem to demonstrate that some 
species went through a sort of adaptation and ‘specialisation’ towards certain 
habitats. Aeromonas were first described as water bacteria and the use of 
water on foods, irrigation, in human consumption could easily spread them 
everywhere. The differentiation of species with regard to a particular habitat 
might be the result of their adaptation over time, as also shown by the 
phylogenetic branches: it is clearly present a difference in the evolution time 
among the Aeromonas species considered. Although the ecological separation 
of the species based upon their isolation source is visible from the tree  
(Fig. 20), some clusters and single strains do not belong to their expected 
habitat. In this case, it is important to note that the inferred habitats 
represent distribution of strains with respect to the specific covariates 
considered; this means that the strains are not assumed to be dogmatically 
constrained to one or either habitat, which reflects the nature of transmission 
of bacterial populations.  
A. eucrenophila, A. encheleia, A. molluscorum and A. hydrophila subsp.      
dhakensis 
A. eucrenophila, A. encheleia and A. molluscorum clustered in the H2 (food-
human) although they have been isolated from fish and molluscs. A. 
hydrophila subsp. dhakensis (A. aquariorum) belongs to H1 (fish) even if all 
the strains are of human origin. These results could be explained by the 
phylogenetic relatedness of these species to the other clades included in their 
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respective habitats which does not support a different habitat association, or 
it could be due to the lack of a sufficient representativeness of each cluster.  
Food strains in A. bestiarum 
Another case is represented by A. bestiarum which belongs to H1, but 
contains also strains isolated from food cases, which represent almost half of 
the strains. They were isolated from multiple independent samples and thus 
do not represent clonal expansion, suggesting that this may reflect a habitat 
switch that occurred over time and was not reported by the model. 
Increasing the representativeness of this clade could lead to the identification 
of sub-habitats if the mechanism of the different adaptation really occurred. 
Human strains of A. veronii, A. hydrophila and A. allosaccharophila 
A particular case regards the human strains found in the A. veronii, A. 
hydrophila and A. allosaccharophila clades. None of them, except for the CECT 
4257T (A. veronii), are known to be isolated from infection or colonisation 
processes toward humans. This means that, even if they are described as 
‘human cases’, their real origin may be different (such as water, food, etc.). In 
addition, ST 190, clustered in the A. allosaccharophila clade, was one of the 
isolates received from the hospital in Rovigo (Italy) and was the unique 
isolate recovered from the patient. This could be classified as ‘infectious 
case’, making A. allosaccharophila a clade with mixed origins, although the 
isolation of only one strain does not imply the definitive association of that 
strain with the disease. If those strains were not responsible of a real 
infectious process, the defined division between the two initial habitats 
should be more evident and supported and those cases represent just 
‘confounding’ strains.  
Consequently, it should bear in mind that, again, the real role of Aeromonas 
spp. in human disease is difficult to be treated.  
In order to better characterise the strains and find a potential connection 
between the human cases and their pathogenicity, a set of virulence genes 
chosen among the most described factors in the Aeromonas genus, was 
analysed.  Considering the analysis of the six markers used in the first part of 
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the analysis, the majority of the virulence factors appears to be present first 
in the A. hydrophila strains and in several A. veronii strains (the two species 
mostly indicated as pathogenic); while, when the act-asa1, ahh1 and ast were 
finally selected, A. bestiarum and A. salmonicida were found to be the species 
bearing the highest number of virulence genes (together with A. hydrophila 
previously mentioned). The virulence factor distribution was in substantial 
agreement with previous studies on Aeromonas spp. [19, 179]. Analysing the 
distribution of the virulence factors obtained by the AdaptML analysis, no 
clear association is visible between species, virulence pattern or source 
origin. This was expected as only a few virulence traits were considered and 
they are also widely distributed among the Aeromonas species. In addition, 
the presence of all the three genes is not indicative of a high virulent 
potential. However, the analysis was conducted to verify their presence in 
strains isolated from food and human cases. The majority of human strains 
did not presented the selected genes, thus suggesting that the pathogenicity 
may not depend on these virulence factors (considering the human cases as a 
result of an infectious process). Moreover, the high genetic diversity, 
evidenced by the MLST study among and inside the species groups in the 
Aeromonas genus, suggests that the PCR approach may not be appropriate to 
assess with certainty the presence of virulence genes as previously 
demonstrated also by Silver et al. [188]. In fact, in addition to the frequent 
involvement of virulence genes in horizontal gene transfer, the gene 
sequence variations between different strains may prevent the amplification 
of PCR products. For this reason, other methods need to be applied for a deep 
study of virulence profiles. At the moment, the complete genome sequences 
for A. hydrophila ATCC 4966 [181], A. salmonicida A449 [169], A. veronii B565 
[120] and A. caviae Ae398 [17] are available. The increase of genomic 
information could allow a more extensive approach such as comparative 
genome hybridization (CGH) to investigate the presence of virulence genes as 
proposed by Nash and colleagues for A. salmonicida strains [140].  
The last part of the work was characterised by the evaluation of the antibiotic 
resistance among Aeromonas strains isolated from ornamental fish. Five 
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Aeromonas strains isolated were completely sequenced by Verner-Jeffreys 
and coworkers. Consequently, the study was addressed to the 
characterisation of the antimicrobial resistance of these strains, after the 
recognition of the wide use of antibiotics to directly control bacterial 
infections. A surprisingly high level of antimicrobial tolerance was identified. 
The significance of these tolerant bacteria in acting as a potential reservoir 
for mobilisable antibiotic resistance should be systematically assessed, given 
also their wide distribution in the environment and the consequences that 
antimicrobial resistance may cause. The limitation of the antimicrobial use 
should help prevent the potential spread of resistance to pathogens of human 
and animal health importance and improve fish welfare and treatment. 
Antibiotic use for prophylactic purposes should also ideally be replaced by 
better husbandry and transport conditions and the use of vaccination where 
available [211]. 
In conclusion, the MLST method developed in this study is broadly applicable 
for characterising and identifying Aeromonas spp. and also for strain typing. 
The chosen genes have proven to be excellent molecular markers for 
assessing phylogeny in the genus Aeromonas and for clarifying the 
controversial relationships between some species. Our results revealed 
clearly demarcated clusters and provide novel insights into the phylogenetic 
distinctions between the Aeromonas groups. Moreover, the analysis of 
different laboratory media addressed the selection of techniques more 
suitable for the recovery of Aeromonas from different sources and despite the 
variability observed in the present data set, the multivariate analysis from 
the NPC test provided a set of useful phenotypic characteristics to 
differentiate between the most numerous populations. The simultaneous use 
of phenotypic and genotypic approaches was extremely valuable and 
appropriate for the characterisation of the Aeromonas strains, but in some 
cases, phenotypic studies can identify only a macrogroup level, while 
genotypic approaches are able to characterize the strain level. In particular, 
the results clearly indicate that the genus Aeromonas comprises several (at 
least eleven, maybe more if additional sampling allows the implementation of 
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less-represented groups) well-separated groups of strains, but each strain is 
highly divergent from the others. This result explains the taxonomic 
confusion and suggests that forcing Aeromonas isolates into a species scheme 
could delineate a pragmatic but not realistic scenario of the strain diversity. 
Finally, a species-host association among Aeromonas spp. was demonstrated: 
between lineages there is evidence of preferential association and adaptation 
from particular species to defined habitats. The grouping of food and human 
strains in one habitat is outstanding, highlighting their association and the 
adaptation of the strains to both the reservoirs. The Aeromonas presence in 
RTE products may derive from the use of contaminated water during the 
food production steps (cultivation, soaking, washing), the resistance of these 
microbes to chlorination processes or their persistence in water mains as 
biofilms. 
Moreover, the results reported in this study showed the presence of several 
Aeromonas species in human sites of disease, extending the knowledge of 
Aeromonas of human interest to other species. The findings presented here 
suggest that major host switches are infrequent, but this is related to the 
number of strains analysed. It could be interesting, again, to increase the 
number of strains per species and analyse each clade separately in order to 
detect potential intra-species host adaptations. 
Knowledge of the genetic structure of Aeromonas strains will provide a useful 
method to explore the phylogenetic and ecological distribution of relevant 
strain-dependent features and to understand potential pathogenic 
properties.  
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  5. CONCLUSIONS 
 
The taxonomic complexity of the Aeromonas genus is a well-known subject 
that has been investigated in several works and through several methods. 
Between species, strains and clades there is evidence of an outstanding 
variability that is peculiar for a bacterial genus. Moreover, the roles of the 
Aeromonas species are different and sometimes not well defined in depth. In 
many ways we are no closer to unravel many of the doubts surrounding 
these microbes that are important to clinical microbiologists. The lack of an 
animal model of pathogenicity or of a real disease outbreak further 
complicate the understanding of their role as human pathogens. 
The MLST presented in this work improved the knowledge of the Aeromonas 
species, including strains of diverse origins. The results suggest that some 
species seem to be associated and adapted to particular habitats and that 
several species, more than the recognised ones to date, were isolated from 
human cases of disease. The wide presence of Aeromonas in ready-to-eat 
foods should be taken into account as they represent a potential risk for 
human health, implying the need of monitoring these microorganisms in the 
food chain and to adopt safe measures to limit their presence, also because 
no limit of contamination has been defined for Aeromonas. A real 
understanding of the mode of evolution and adaptation of Aeromonas species 
will be achieved when thousands of strains with different geographic origins 
and sources will be analysed in order to have a more reliable and detailed 
characterisation of the genus. 
The MLST scheme of this work and the on-line database were developed for 
this purpose. 
 
 
 
 
 
 
 
126 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
127 
REFERENCES 
 
[1] Abbott, S. L., L. S. Seli, M. Catino, Jr., M. A. Hartley, and J. M. Janda. 1998. 
Misidentification of unusual Aeromonas species as members of the genus Vibrio: 
a continuing problem. J. Clin. Microbiol. 36:1103–1104. 
 
[2] Abbott, S. L., W. K. W. Cheung, and J. M. Janda. 2003. The genus Aeromonas: 
biochemical characteristics, atypical reactions, and phenotypic identification 
schemes. J. Clin. Microbiol. 41:2348–2357. 
 
[3] Abeyta, C., S. A. Palumbo, and G. N. Stelma. 1994. Aeromonas hydrophila group, 
p. 1-27. In H. Hui, J. R. Groham, K. D. Murrel, and D. O. Cliver (ed.), Foodborne 
Disease Handbook, vol. 1. Marcel Dekker Inc., New York, N.Y. 
 
[4] Achtman, M., and M. Wagner. 2008. Microbial diversity and the genetic nature 
of microbial species. Nat. Rev. Microbiol. 6:431-40.  
 
[5] Al-Benwan, K., S. Abbott, J. M. Janda, and M. J. Albert. 2007. Cystitis caused by 
Aeromonas caviae. J. Clin. Microbiol. 45:2348–2350. 
 
[6] Albert, M. J., M. Ansaruzzaman, K. A. Talukder, A. K. Chopra, I. Kuhn, M. 
Rahman, A. S. Faruque, M. S. Islam, R. B. Sack, and R. Mollby. 2000. 
Prevalence of enterotoxin genes in Aeromonas spp. isolated from children with 
diarrhea, healthy controls, and the environment. J. Clin. Microbiol. 38:3785–
3790. 
 
[7] Allen, D. A., B. Austin, and R. R. Colwell. 1983. Aeromonas media, a new species 
isolated from river water. Int. J. Syst. Bacteriol. 33:599–604. 
 
[8] Alperi, A., M. J. Figueras, I. Inza, and A. J. Martínez-Murcia. 2008. Analysis of 
16S rRNA gene mutations in a subset of Aeromonas strains and their impact in 
species delineation. Int. Microbiol. 11:185–194. 
 
[9] Altschul S. F., T. L. Madden, A. A. Schäffer, J. Zhang, Z. Zhang, W. Miller, and 
D. J. Lipman. 1997. Gapped BLAST and PSI-BLAST: a new generation of protein 
database search programs. Nucleic Acids Res. 25:3389–3402. 
 
[10] Andelova, A., I. Porazilova, and E. Krejci. 2006. Aeromonas agar is useful 
selective medium for isolating aeromonads from faecal samples. J. Med. 
Microbiol. 55:1605–1606. 
 
[11] Anderberg, M. R. 1973. Cluster Analysis for Applications, New York: Academic 
Press. 
 
[12] Angel, M. F., F. Zhang, M. Jones, J. Henderson, and S. W. Chapman. 2002. 
Necrotizing fasciitis of the upper extremity resulting from a water moccasin bite. 
South. Med. J. 95:1090–1094. 
 
 
128 
[13] Aravena-Román, M., G. B. Harnett, T. V. Riley, T. J. J. Inglis, and B. J. Chang. 
2011. Aeromonas aquariorum is widely distributed in clinical and environmental  
specimens and can be misidentified as Aeromonas hydrophila. J. Clin. Microbiol. 
49:3006.  
 
[14] Arnold, M. L., Y. Sapir, and N. H. Martin. 2008. Genetic exchange and the 
origin of adaptations: prokaryotes to primates. Philos. Trans. R. Soc. Lond. B. Biol. 
Sci. 363:2813-2820. 
 
[15] Aujoulat, F., E. Jumas-Bilak, A. Masnou, F. Sallé, D. Faure, C. Segonds, H. 
Marchandin, and C. Teyssier. 2011. Multilocus sequence-based analysis 
delineates a clonal population of Agrobacterium (Rhizobium) radiobacter 
(Agrobacterium tumefaciens) of human origin. J. Bacteriol. 193:2608–2618.  
 
[16] Austin, B., and C. Adams. 1996. Fish pathogens, p. 197–243. In B. Austin, M. 
Altwegg, P. J. Gosling, and S. Joseph (ed.), The genus Aeromonas. John Wiley & 
Sons Ltd., West Sussex, England. 
 
[17] Beatson, S. A., M. das Graças de Luna, N. L. Bachmann, N. F. Alikhan, K. R. 
Hanks,  M. J. Sullivan, B. A. Wee, A. C. Freitas-Almeida, P. A. Dos Santos, J. T. 
de Melo, D. J. Squire, A. F. Cunningham, J. R. Fitzgerald, and I. R. Henderson.  
2011. Genome sequence of the emerging pathogen Aeromonas caviae. J. 
Bacteriol. 193:1286-1287. 
 
[18] Benagli, C., A. Demarta, A. Caminada, D. Ziegler, O. Petrini, and M. Tonolla. 
2012. A Rapid MALDI-TOF MS Identification database at genospecies level for 
clinical and environmental Aeromonas strains. PLoS One. 7:e48441. 
 
[19] Berg, K. A., C. Lyra, R. M. Niemi, B. Heens, K. Hoppu, K. Erkomaa, K. Sivonen, 
and J. Rapala. 2011. Virulence genes of Aeromonas isolates, bacterial endotoxins 
and cyanobacterial toxins from recreational water samples associated with 
human health symptoms. J. Water Health. 9:670-679.  
 
[20] Berrang, M. E., R. E. Brackett, and L. R. Beuchat. 1989. Growth of Aeromonas 
hydrophila on fresh vegetables stored under a controlled atmosphere. Appl. 
Environ. Microbiol. 55:2167-2171. 
 
[21] Beuchat, L. R. 1991. Behavior of Aeromonas species at refrigeration 
temperatures. Int. J. Food Microbiol. 13:217-224. 
 
[22] Bishop, C. J., D. M. Aanensen, G. E. Jordan, M. Kilian, W. P. Hanage, and B. G. 
Spratt. 2009. Assigning strains to bacterial species via the internet. BMC Biol. 
7:3. 
 
[23] Borchardt, M. A., Stemper, M. E., and Standridge, J. H. 2003 Aeromonas 
isolate from human diarrheic stool and groundwater compared by pulsed-field 
gel electrophoresis. Emerg. Infect. Dis. 9:224-228 
 
[24] Borrell, N., M. J. Figueras, and J. Guarro. 1998. Phenotypic identification of 
Aeromonas genomospecies from clinical and environmental sources. Can. J. 
Microbiol. 44:103–108. 
 
129 
[25] Bossi-Küpfer, M., A. Genini, R. Peduzzi, and A. Demarta. 2007. 
Tracheobronchitis caused by Aeromonas veronii biovar sobria after near-
drowning. J. Med. Microbiol. 56:1563–1564. 
 
[26] Bottarelli, E., and M. C. Ossiprandi. 1999.  Aeromonas infections: An update. 
from http://www.unipr.it/arpa/facvet/annali/1999/bottarelli2/bottarelli.htm 
 
[27] Brandi, G., Sisti, M., Giardini, F., Schiavano, G. F., and Albano, A. 1999 
Survival ability of cytotoxic strains of motile Aeromonas spp. in different types of 
water. Lett. Appl. Microbiol. 29:211-215 
 
[28] Bray, N., and L. Pachter. 2004. MAVID: constrained ancestral alignment of 
multiple sequences. Genome Res. 14:693-699. 
 
[29] Bruen, T. C., H. Philippe, and D. Bryant. 2006. A simple and robust statistical 
test for detecting the presence of recombination. Genetics 172:2665–2681. 
 
[30] Burr, S. E., K. Stuber, and J. Frey. 2003. The ADP-ribosylating toxin, AexT, from 
Aeromonas salmonicida subsp. salmonicida is translocated via a type III 
secretion pathway. J. Bacteriol. 185:6583-6591. 
 
[31] Carnahan, A. M., S. Behram, and S. W. Joseph. 1991. Aerokey II: a flexible key 
for identifying clinical Aeromonas species. J. Clin. Microbiol. 29:2843–2849. 
 
[32] Carnahan, A. M. 1993. Aeromonas taxonomy: a sea of change. Med. Microbiol. 
Lett. 2:206–211. 
 
[33] Caselitz, F. H. 1996. How the Aeromonas story started in medical microbiology. 
Med. Microbiol. Lett. 5:46–54. 
 
[34] Castro-Escarpulli, G., M. J. Figueras, G. Aguilera-Arreola, L. Soler, E. 
Fernandez-Randòn, G.O. Aparicio, J. Guarro, and M.R. Chacòn. 2002. 
Characterization of Aeromonas spp. isolated from frozen fish intended for human 
consumption in Mexico. Int. J. Food Microbiol.  84:41-49. 
 
[35] Centers for Disease Control and Prevention. 1990. Aeromonas wound 
infections associated with outdoor activities - California. Morb. Mortal. Wkly. Rep. 
39:334–335. 
 
[36] Chang, B. J., and J. M. Janda. 2005. Chapter 59. Aeromonas, p. 1524–1540. In S. 
P. Borriello, P. R. Murray, and G. Funke (ed.), Topley & Wilson’s microbiology & 
microbial infections, 10th ed., vol. 2. Hodder Arnold, London, United Kingdom. 
 
[37] Chopra, A. K., and C. W. Houston. 1999. Enterotoxins in Aeromonas associated 
gastroenteritis. Microbes Infect. 1:1129–1137. 
 
[38] Chopra, A. K., X.-J. Xu, D. Ribardo, M. Gonzalez, K. Kuhl, J. W. Peterson, and 
C. W. Houston. 2000. The cytotoxic enterotoxin of Aeromonas hydrophila 
induces proinflammatory cytokine production and activates arachidonic acid 
metabolism in macrophages. Infect. Immun. 68:2808–2818. 
 
130 
[39] Chopra, A. K., J. Graf, A. J. Horneman, and J. A. Johnson. 2006. Virulence 
factor–activity relationships (VFAR) with speciﬁc emphasis on Aeromonas 
species. Sponsored by the US Environmental Protection Agency Journal of Water 
and Health 1:94–100. 
 
[40] Chopra A. K. 2008. Characterisation of waterborne Aeromonas species for their 
virulence potential. Awwa Research Foundation. 
 
[41] Christensen, H., M. Bisgaard, W. Frederiksen, R. Mutters, P. Kuhnert, and J. 
E. Olsen. 2001. Is characterization of a single isolate sufficient for validation of a 
new genus or species? Proposal to modify recommendation 30b of the 
Bacteriological Code (1990 revision). Int. J. Syst. Evol. Microbiol. 51:2221–2225. 
 
[42] Cigni, A., P. A. Tomasi, A. Pais, S. Cossellu, R. Faedda, and A. E. Satta. 2003. 
Fatal Aeromonas hydrophila septicemia in a 16-year-old patient with 
thalassemia. J. Pediatr. Hematol. Oncol. 25:674–675. 
 
[43] Cohan, F. M., and A. F. Koeppel. 2008. The origins of ecological diversity in 
prokaryotes. Curr Biol. 18:1024-1034.  
 
[44] Colwell, R. R., M. T. MacDonell, and J. De Ley. 1986. Proposal to recognize the 
family Aeromonadaceae fam. nov. Int. J. Syst. Bacteriol. 36:473–477. 
 
[45] Couto, C. R., S. S. Oliveira, M. L. Queiroz, and A. C. Freitas-Almeida. 2007. 
Interactions of clinical and environmental Aeromonas isolates with Caco-2 and 
HT29 intestinal epithelial cells. Lett. Appl. Microbiol. 45:405–410. 
 
[46] Darling, A. C., B. Mau, F. R. Blattner, and N. T. Perna. 2004. Mauve: multiple 
alignment of conserved genomic sequence with rearrangements. Genome Res. 
14:1394-1403. 
 
[47] Didelot, X., and D. Falush. 2007. Inference of bacterial microevolution using 
multilocus sequence data. Genetics 175:1251–1266. 
 
[48] Doyle, M. P. and L.R. Beuchat.  2007. Food Microbiology: Fundamentals And 
Frontiers, Third Edition. p:381-399. American Society For Microbiology. 
Washington, DC. 
 
[49] Edberg, S. C., F. A. Browne, and M. J. Allen. 2007. Issues for microbial 
regulation: Aeromonas as a model. Crit. Rev. Microbiol. 33:89–100. 
 
[50] Edgar, R. C. 2004. MUSCLE: multiple sequence alignment with high accuracy 
and high throughput. Nucleic Acids Res. 32:1792-1797.  
 
[51] Evanno, G., S. Regnaut. and J. Goudet. 2005. Detecting the number of clusters 
of individuals using the software STRUCTURE : a simulation study. Mol. Ecol. 
14:2611–2620.  
 
[52] Evans, A. S. 1976. Causation and disease: the Henle-Koch postulates revisited. J. 
Biol. Med. 49:175–195. 
 
 
131 
[53] Evans, J., P. J. Lunnis, P. N. Gaunt, and D. J. Hanley. 1990. A case of septicemia 
due to Aeromonas hydrophila. Br. J. Plast. Surg. 43:371–372. 
[54] Ewing, W. H., R. Hugh, and J. G. Johnson. 1961. Studies on the Aeromonas 
group. U.S. Department of Health and Human Services, Atlanta, GA. 
 
[55] Fadl, A. A., C. L. Galindo, J. Sha, F. Zhang, H. R. Garner, H. Q. Wang, and K. 
Chopra. 2007. Global transcriptional responses of wild-type Aeromonas 
hydrophila and its virulence-deficient mutant in a murine model of infection. 
Microb. Pathog. 42:193–202. 
 
[56] Falush, D., M. Stephens, and J. K. Pritchard. 2003. Inference of population 
structure using multilocus genotype data: linked loci and correlated allele 
frequencies. Genetics 164:1567–1587. 
 
[57] Fanning, G. R., F. W. Hickman-Brenner, J. J. Farmer III, and D. J. Brenner. 
1985. DNA relatedness and phenotypic analysis of the genus Aeromonas, abstr. 
C-116, p. 319. Abstr. 85th Annu. Meet. Am. Soc. Microbiol. American Society for 
Microbiology, Washington, DC. 
 
[58] Feil, E. J., B. C. Li, D. M. Aanensen, W. P. Hanage, and B. G. Spratt. 2004. 
eBURST: inferring patterns of evolutionary descent among clusters of related 
bacterial genotypes from multilocus sequence typing data. J. Bacteriol. 
186:1518–1530. 
 
[59] Felsenstein, J. 1985. Confidence limits on phylogenies: an approach using the 
bootstrap. Evolution 39:783-791. 
 
[60] Fenollar, F., P. E. Fournier, and R. Legre. 1999. Unusual case of Aeromonas 
sobria cellulitis associated with the use of leeches. Eur. J. Clin. Microbiol. Infect. 
Dis. 18:72–73. 
 
[61] Ferguson, M. R., X. J. Xu, C. W. Houston, J. W. Peterson, D. H. Coppenhaver, 
V. L. Popov, and A. K. Chopra. 1997. Hyperproduction, purification, and 
mechanism of action of the cytotoxic enterotoxin produced by Aeromonas 
hydrophila. Infect. Immun. 65:4299-308. 
 
[62] Figueras, M. J. 2005. Clinical relevance of Aeromonas sM503. Rev. Med. 
Microbiol. 16:145–153. 
 
[63] Francisco, A. P., C. Vaz, P. T. Monteiro, J. Melo-Cristino, M. Ramirez, and J. A. 
Carriço. 2012. PHYLOViZ: phylogenetic inference and data visualization for 
sequence based typing methods. BMC Bioinformatics. 13:87.  
 
[64] Fraser, C., W. P. Hanage, and B. G. Spratt. 2007. Recombination and the 
nature of bacterial speciation. Science. 315:476-480  
 
[65] Fraser, C., E. J. Alm, M. F. Polz, B. G. Spratt, and W. P. Hanage.  2009. The 
bacterial species challenge: making sense of genetic and ecological diversity. 
Science. 323:741-746. 
 
 
132 
[66] Galindo, C. L., J. Sha, A. A. Fadl, L. L. Pillai, and A. K. Chopra. 2006. Host 
immune responses to aeromonas virulence factors.  Curr. Immun. Rev. 2:13-26. 
 
[67] Gavin, R., S. Merino, M. Altarriba, R. Canals, J. G. Shaw, and J. M. Tomas. 
2003. Lateral flagella are required for increased cell adherence, invasion and 
biofilm formation by Aeromonas spp. FEMS Microbiol. Lett. 224:77–83. 
 
[68] Gelman, A., and D. B. Rubin. 1992. Inference from iterative simulation using 
multiple sequences.  Statist. Sci. 7:457-472. 
 
[69] Gevers, D., F. M. Cohan, J. G. Lawrence, B. G. Spratt, T. Coenye, E. J. Feil, E. 
Stackebrandt, Y. Van de Peer, P. Vandamme, F. L. Thompson, and J. Swings. 
2005. Re-evaluating prokaryotic species. Nat. Rev. Microbiol. 3:733-739. 
 
[70] Gómez Campdera, J., P. Muñoz, F. López Prieto, R. , Rodríguez Fernández, 
M. Robles, M. Rodríguez Creixems, and E. Bouza Santiago. 1996. 
Gastroenteritis due to Aeromonas in pediatrics. An. Esp. Pediatr. 44:548-552. 
(Article in Spanish) 
 
[71] Gonçalves, L. S. A., R. Rodrigues, A. T. Amaral, M. Karasawa, and C. P. Sudré. 
2008. Comparison of multivariate statistical algorithms to cluster tomato 
heirloom accessions. Genet. Mol. Res. 7:1289–1297. 
 
[72] Gosling, P. J. 1996. Aeromonas species in disease of animals, p. 175–195. In B. 
Austin, M. Altwegg, P. J. Gosling, and S. Joseph (ed.), The genus Aeromonas. John 
Wiley & Sons Ltd., West Sussex, England. 
 
[73] Gower, J. C. 1971. A general coefficient of similarity and some of its prop- erties. 
Biometrics 27:623–637. 
 
[74] Grassi, M. A., T. Civera, and R. M. Turi. 2003. Isolation of citotoxic Aeromonas 
spp. from food. Vet. Res. Commun. 27:305-306. 
 
[75] Gurwith, M., C. Bourque, E. Cameron, G. Forrest, and M. Green. 1977. 
Cholera-like diarrhea in Canada. Arch. Intern. Med. 137:1461–1464. 
 
[76] Hanage, W. P., C. Fraser, and B. G. Spratt. 2005. Fuzzy species among 
recombinogenic bacteria. BMC Biol. 3:6. 
 
[77] Hanage, W. P., C. Fraser, and B. G. Spratt. 2006. Sequences, sequence clusters 
and bacterial species. Philos. Trans. R. Soc. Lond. B Biol. Sci. 361:1917–1927. 
 
[78] Haycox, C. L., P. D. Odland, M. D. Coltrera, and G. J. Raugi. 1995. Indications 
and complications of medicinal leech therapy. J. Am. Acad. Dermatol. 33:1053–
1055. 
 
[79] Higgins, D. G., and P. M. Sharp. 1988. CLUSTAL: a package for performing 
multiple sequence alignment on a microcomputer. Gene. 73:237-44. 
 
[80] Higgins, D. G-, A. J. Bleasby, and R. Fuchs. 1992. CLUSTAL V: improved 
software for multiple sequence alignment. Comput. Appl. Biosci. 8:189-91. 
 
133 
[81] Hiransuthikul, N., W. Tantisiriwat, K. Lertutsahakul, A. Vibhagool, and P. 
Boonma. 2005. Skin and soft-tissue infections among tsunami survivors in 
southern Thailand. Clin. Infect. Dis. 41:93–96. 
 
[82] Holmberg, S. D., and J. J. Farmer III. 1984. Aeromonas hydrophila and 
Plesiomonas shigelloides as causes of intestinal infection. Rev. Infect. Dis. 6:633–
639. 
 
[83] Holmes, P., L. M. Niccolls, and D. P. Sartory. 1996. The ecology of mesophilic 
Aeromonas in the aquatic environment, p. 127–150. In B. Austin, M. Altwegg, P. J. 
Gosling, and S. Joseph (ed.), The genus Aeromonas. John Wiley & Sons Ltd., West 
Sussex, England. 
 
[84] Hsueh, P. R., L. J. Teng, L. N. Lee, P. C. Yang, Y. C. Chen, S. W. Ho, and K. T. 
Luh. 1998. Indwelling device-related and recurrent infections due to Aeromonas 
species. Clin. Infect. Dis. 26:651–658. 
 
[85] Huang, H. C., W. L. Yu, K. H. Huan, K. C. Cheng, and Y. C. Chuang. 2007. 
Aeromonas sobria prostatitis and septic shock in a healthy man with chronic 
alcoholic consumption. J. Infect. Dis. 60:400–401. 
 
[86] Hunt, D. E., A. L. David, D. Gevers, S. P. Preheim, E. J. Alm, and M. F. Polz. 
2008. Resource partitioning and sympatric differentiation among closely related 
bacterioplankton. Science. 320:1081-1085. 
 
[87] Huson, D. H., and D. Bryant. 2006. Application of phylogenetic networks in 
evolutionary studies. Mol. Biol. Evol. 23:254–267. 
 
[88] Huys, G., M. Altwegg, M. L. Hänninen, M. Vancanneyt, L. Vauterin, R. 
Coopman, U. Torck, J. Lu¨thy-Hottenstein, P. Janssen, and K. Kersters. 1996. 
Genotypic and chemotaxonomic description of two subgroups in the species 
Aeromonas eucrenophila and their affiliation to A. encheleia and Aeromonas DNA 
hybridization group 11. Syst. Appl. Microbiol. 19:616–623. 
 
[89] Huys, G., P. Kämpfer, M. Altwegg, R. Coopman, P. Janssen, M. Gillis, and K. 
Kersters. 1997. Inclusion of Aeromonas DNA hybridization group 11 in 
Aeromonas encheleia and extended descriptions of the species Aeromonas 
eucrenophila and A. encheleia. Int. J. Syst. Bacteriol. 47:1157–1164. 
 
[90] Huys, G., P. Kämpfer, M. Altwegg, I. Kersters, A. Lamb, R. Coopman, J.Lüthy-
Hottenstein, M. Vancanneyt, P. Janssen, and K. Kersters. 1997. Aeromonas 
popoffii sp. nov., a mesophilic bacterium isolated from drinking water 
production plants and reservoirs. Int. J. Syst. Bacteriol. 47:1165–1171. 
 
[91] Huys, G., P. Kampfer, and J. Swings. 2001. New DNA-DNA hybridization and 
phenotypic data on the species Aeromonas ichthiosmia and Aeromonas 
allosaccharophila: A. ichthiosmia (Schubert et al., 1990) is a later synonym of 
veronii (Hickman-Brenner et al., 1987). Syst. Appl. Microbiol. 24:177–182. 
 
[92] Huys, G., R. Denys, and J. Swings. 2002. DNA-DNA reassociation and 
phenotypic data indicate synonymy between Aeromonas enteropelogenes 
 
134 
(Schubert et al., 1990) and Aeromonas trota (Carnahan et al., 1991). Int. J. Syst. 
Evol. Microbiol. 52:1969–1972. 
 
[93] Huys, G., M. Cnockaert, and J. Swings. 2005. Aeromonas culicicola (Pidiyar et 
al., 2002) is a latter subjective synonym of Aeromonas veronii (Hickman-Brenner 
et al., 1987). Syst. Appl. Microbiol. 28:604–609. 
 
[94] Isonhood, J. H., and M. Drake. 2002. Aeromonas species in foods. J. Food Prot. 
65:575–582. 
 
[95] Jacxsens, L., F. Devlieghere, P. Falcato, and J. Debevere. 1999. Behavior of 
Listeria monocytogenes and Aeromonas spp. on fresh-cut produce packaged 
under equilibrium-modified atmosphere. J. Food Prot. 62:1128-1135. 
 
[96] Janda, J. M., and P. D. Duffey. 1988. Mesophilic aeromonads in human disease; 
current taxonomy, laboratory identification, and infectious disease spectrum. 
Rev. Infect. Dis. 10:980–997. 
 
[97] Janda, J. M. 1991. Recent advances in the study of the taxonomy, pathogenicity, 
and infectious syndromes associated with the genus Aeromonas. Clin. Microbiol. 
Rev. 4:397–410. 
 
[98] Janda, J. M., L. S. Guthertz, R. P. Kokka, and T. Shimada. 1994. Aeromonas 
species in septicemia: laboratory characteristics and clinical observations. Clin. 
Infect. Dis. 19:77–83. 
 
[99] Janda, J. M., and S. L. Abbott. 1996. Human pathogens, p. 151–173. In B. Austin, 
M. Altwegg, P. J. Gosling, and S. Joseph (ed.), The genus Aeromonas. John Wiley & 
Sons Ltd., West Sussex, England. 
 
[100] Janda, J. M., and S. L. Abbott. 1998. Evolving concepts regarding the genus 
Aeromonas: an expanding panorama of species, disease presentation, and 
unanswered questions. Clin. Infect. Dis. 27:332–344. 
 
[101] Janda, J. M. 2001. Chapter 59. Aeromonas and Plesiomonas, p. 1237–1270. In 
M. Sussman (ed.), Molecular medical microbiology, vol. 2. Academic Press, 
London, United Kingdom. 
 
[102] Janda, J. M., and S. L. Abbott. 2006. New gram-negative enteropathogens: fact 
or fancy? Rev. Med. Microbiol. 17:27–37. 
 
[103] Janda, J. M., and S. L. Abbott. 2007. 16S rRNA gene sequencing for bacterial 
identification in the diagnostic laboratory: pluses, perils, and pitfalls. J. Clin. 
Microbiol. 45:2761–2764. 
 
[104] Janda, J. M., and S. L. Abbott. 2010. The genus Aeromonas: taxonomy, 
pathogenicity, and infection. Clin. Microbiol. Rev. 23:35–73.  
 
[105] Joseph, S. W., and A. Carnahan. 1994. The isolation, identification, and 
systematics of the motile Aeromonas species. Annu. Rev. Fish Dis. 4:315– 343. 
 
 
135 
[106] Kämpfer, P., C. Christmann, J. Swings, and G. Huys. 1999. In vitro 
susceptibilities of Aeromonas genomic species to 69 antimicrobial agents. Syst. 
Appl. Microbiol. 22:662–669. 
 
[107] Kao, H. T., Y. C. Huang, and T. Y. Lien. 2003. Fatal bacteremic pneumonia 
caused by Aeromonas hydrophila in a previously healthy child. J. Microbiol. 
Immunol. Infect. 36:209–211. 
 
[108] Kelleher, A., and S. M. Kirov. 2000. Rattus norvegicus: not a model for 
Aeromonas-associated gastroenteritis in man. FEMS Immunol. Med. Microbiol. 
28:313–318. 
 
[109] Khajanchi, B. K., A. A. Fadl, M. A. Borchardt, R. L. Berg, A. J. Horneman, M. 
E. Stemper, S. W. Joseph, N. P. Moyer, J. Sha, and A. K. Chopra. 2010. 
Distribution of virulence factors and molecular fingerprinting of Aeromonas 
species isolates from water and clinical samples: suggestive evidence of water-
to-human transmission. Appl. Environ. Microbiol. 76:2313–2325. 
 
[110] Khan, M. I., G. Walters, and T. Metcalfe. 2007. Bilateral endogenous 
endophthalmitis caused by Aeromonas hydrophila. Eye 21:1244–1245. 
 
[111] King, G. E., S. B. Werner, and K. W. Kizer. 1992. Epidemiology of Aeromonas 
infections in California. Clin. Infect. Dis. 15:449–452. 
 
[112] Kingombe, C. I., G. Huys, M. Tonolla, M. J. Albert, J. Swings, R. Peduzzi, and 
T. Jemmi. 1999. PCR detection, characterization, and distribution of virulence 
genes in Aeromonas spp. Appl. Environ. Microbiol. 65: 5293–5302. 
 
[113] Kirov, S. M., D. S. Hui, and L. J. Hayward. 1993. Milk as a potential source of 
Aeromonas gastrointestinal infection. J. Food Prot. 56:306-312. 
 
[114] Kirov, S. M. 1993. The public health significance of Aeromonas spp. in foods. 
Int. J. Food Microbiol. 20:179-198. 
 
[115] Kunimoto, D., R. Rennie, D. M. Citron, and E. J. C. Goldstein. 2004. 
Bacteriology of a bear bite wound to a human: case report. J. Clin. Microbiol. 
42:3374–3376. 
 
[116] Küpfer, M., P. Kuhnert, B. M. Korczak, R. Peduzzi, and A. Demarta. 2006. 
Genetic relationships of Aeromonas strains inferred from 16S rRNA, gyrB and 
rpoB gene sequences. Int. J. Syst. Evol. Microbiol. 56:2743–2751. 
 
[117] Lamy, B., A. Kodjo, and F. Laurent. 2009. Prospective nationwide study of 
Aeromonas infections in France. J. Clin. Microbiol. 47:1234–1237. 
 
[118] Lau, S. M., M. Y. Peng, and F. Y. Chang. 2000. Outcomes of Aeromonas 
bacteremia in patients with different types of underlying disease. J. Microbiol. 
Immunol. Infect. 33:241–247. 
 
[119] Leclerc, H., L. Schwartzbrod, and E. Dei-Cas. 2002. Microbial agents 
associated with waterborne diseases. Crit. Rev. Microbiol. 28:371–409. 
 
136 
 
[120] Li, Y., Y. Liu, Z. Zhou, H. Huang, Y. Ren, Y. Zhang, G. Li, Z. Zhou, and L. 
Wang. 2011. Complete genome sequence of Aeromonas veronii strain B565.  J. 
Bacteriol. 93:3389-3390. 
 
[121] Librado, P., and J. Rozas. 2009. DnaSP v5: a software for comprehensive 
analysis of DNA polymorphism data. Bioinformatics 25:1451–1452. 
 
[122] Maiden, M. C. 2006. Multilocus sequence typing of bacteria. Annu. Rev. 
Microbiol. 60:561–588. 
 
[123] Martin-Carnahan, A., and S. W. Joseph. 2005. Genus I. Aeromonas. Stanier 
1943, 213AL, p. 557–578. In D. J. Brenner, N. R. Krieg, J. T. Staley, and G. M. 
Garrity (ed.), Bergey’s manual of systematic bacteriology, 2nd ed., vol. 2, part B. 
Springer, New York, NY. 
 
[124] Martínez-Murcia, A. J., C. Esteve, E. Garay, and M. D. Collins. 1992. 
Aeromonas allosaccharophila sp. nov., a new mesophilic member of the genus 
Aeromonas. FEMS Microbiol. Lett. 91:199–206. 
 
[125] Martínez-Murcia, A. J., S. Benlloch, and M. D. Collins. 1992. Phylogenetic 
interrelationships of members of the genera Aeromonas and Plesiomonas as 
determined by 16S ribosomal DNA sequencing: lack of congruence with results 
of DNA-DNA hybridizations. Int. J. Syst. Bacteriol. 42:412–421. 
 
[126] Martínez-Murcia, A. J., M. J. Figueras, M. J. Saavedra, and E. Stackebrandt. 
2007. The recently proposed species Aeromonas sharmana sp. nov., isolate 
GPTSA-6T, is not a member of the genus Aeromonas. Int. Microbiol. 10:61–64. 
 
[127] Martínez-Murcia, A. J., A. Monera, A. Alperi, M. J. Figueras, and M. J. 
Saavedra. 2008. Phylogenetic evidence suggests that strains of Aeromonas 
hydrophila subsp. dhakensis belong to the species Aeromonas aquariorum sp. 
nov. Curr. Microbiol. 58:76–80. 
 
[128] Martínez-Murcia, A. J., A. Monera, M. J. Saavedra, R. Oncina, M. Lopez-
Alvarez, E. Lara, and M. J. Figueras. 2011. Multilocus phylogenetic analysis of 
the genus Aeromonas. Syst. Appl. Microbiol. 34 :189–199. 
 
[129] Martínez-Murcia, A. J., R. Beaz-Hidalgo, P. Svec, M. J. Saavedra, M. J. 
Figueras,  and I. Sedlacek. 2012. Aeromonas cavernicola sp. nov., isolated from 
fresh water of a brook in a cavern. Curr. Microbiol. 66:197-204. 
 
[130] Martino, M. E., L. Fasolato, F. Montemurro, M. Rosteghin, A. Manfrin, T. 
Patarnello, E. Novelli, and B. Cardazzo. 2011. Determination of microbial 
diversity of Aeromonas strains on the basis of multilocus sequence typing, 
phenotype, and presence of putative virulence genes. Appl. Environ. Microbiol. 
77:4986-5000.  
 
[131] Mary, P., N. E. Chihib, O. Charafeddine, C. Defives, and J. P. Hornez. 2002. 
Starvation survival and viable but nonculturable states in Aeromonas hydrophila. 
Microb. Ecol. 43:250–258. 
 
137 
 
[132] McMahon, M. A. S., and I. G. Wilson. 2001. The occurrence of enteric 
pathogens and Aeromonas species in organic vegetables. Int. J. Food Microbiol. 
70:155–162. 
 
[133] Mencacci, A., E. Cenci, R. Mazolla, S. Farinelli, F. D’Alo, M. Vitali, and F. 
Bistoni. 2003. Aeromonas veronii biovar veronii septicaemia and acute 
suppurative cholangitis in a patient with hepatitis. B. J. Med. Microbiol. 52:727–
730. 
 
[134] Miñana-Galbis, D., A. Urbizu-Serrano, M. Farfán, M. C. Fusté, and J. G. 
Lorén. 2009. Phylogenetic analysis and identification of Aeromonas species 
based on sequencing of the cpn60 universal target. Int. J. Syst. Evol. Microbiol. 
59:1976–1983. 
 
[135] Morandi, A., O. Zhaxybayeva, J. P. Gogarten, J. Graf. 2005. Evolutionary and 
diagnostic implications of intragenomic heterogeneity in the 16S rRNA gene in 
Aeromonas strains. J. Bacteriol. 187:6561–6564. 
 
[136] Morgan, D. R., P. C. Johnson, H. L. DuPont, T. K. Satterwhite, and L. V. 
Wood. 1985. Lack of correlation between known virulence properties of 
Aeromonas hydrophila and enteropathogenicity for humans. Infect. Immun. 
50:62–65. 
 
[137] Moro, E. M. P., R. D. N. Weiss, R. S. C. Friedrich, A. Castagna de Vargas, L. H. 
N. Weiss, and M. P. Nunes. 1999. Aeromonas hydrophila isolated from cases of 
bovine seminal vesiculitis in south Brazil. J. Vet. Diagn. Invest. 11:189–191. 
 
[138] Mukhopadhyay, C., A. Bhargava, and A. Ayyagari. 2003. Aeromonas 
hydrophila and aspiration pneumonia: a diverse presentation. Yonsei Med. J. 
44:1087–1090. 
 
[139] Nagar V, R. Shashidhar, and J. R. Bandekar. 2012. Characterization of 
Aeromonas strains isolated from Indian foods using rpoD gene sequencing and 
whole cell protein analysis. World J. Microbiol. Biotechnol. [Epub ahead of print]. 
 
[140] Nash, J. H. E., W. A. Findlay, C. C. Luebbert, O. L. Mykytczuk, S. J. Foote, E. N. 
Taboada, C. D. Carrillo, J. M. Boyd, D. J. Colquhoun, and M. E. Reith. 2006. 
Comparative genomics profiling of clinical isolates of Aeromonas salmonicida 
using DNA microarrays. BMC Genomics. 7:43.  
 
[141] Neyts, K., G. Huys, M. Uyttendaele, J. Swings, and J. Debevere. 2000. 
Incidence and identification of mesophilic Aeromonas spp. from retail food. Lett. 
Appl. Microbiol.  31:359-363. 
 
[142] Nhung, P. H., H. Hata, K. Ohkusu, M. Noda, M. M. Shah, K. Goto, and T. 
Ezaki. 2007. Use of the novel phylogenetic marker dnaJ and DNA-DNA 
hybridization to clarify interrelationships within the genus Aeromonas. Int. J. 
Syst. Evol. Microbiol. 57:1232–1237. 
 
 
138 
[143] Nishikawa, Y., and T. Kishi. 1988. Isolation and characterization of motile 
Aeromonas from human, food and environmental specimens. Epidemiol. Infect. 
101:213-223. 
 
[144] Nyenje, M.  E., E. C. Odjadjare, F. Nicoline, E. G. Tanih, and R. N. Ndip. 2012. 
Foodborne pathogens recovered from ready-to-eat foods from roadside 
cafeterias and retail outlets in Alice, Eastern Cape Province, South Africa: public 
health implications. Int. J. Environ. Res. Public Health. 9:2608–2619. 
 
[145] O’Hara, C. M. 2006. Evaluation of the Phoenix 100 ID/AST system and NID 
panel for identification of Enterobacteriaceae, Vibrionaceae, and commonly 
isolated nonenteric gram-negative bacilli. J. Clin. Microbiol. 44:928–933. 
 
[146] Overman, T. L., R. F. D'Amato, and K. M. Tomfohrde. 1979. Incidence of 
"oxidase-variable" strains of Aeromonas hydrophila. J. Clin. Microbiol. 9:244-247. 
 
[147] Overman, T. L., and J. M. Janda. 1999. Antimicrobial susceptibility patterns of 
Aeromonas jandaei, A. schubertii, A. trota, and A. veronii biotype veronii. J. Clin. 
Microbiol. 37:706–708. 
 
[148] Palumbo, S. A., F. Maxino, A. C. Williams, R. L. Buchanan, and D. T. W. 
Thayer. 1985. Starch-ampicillin agar for the quantitative detection of 
Aeromonas hydrophila. Appl. Environ. Microbiol. 50:1027–1030. 
 
[149] Palumbo, S. A., A. C. Williams, R. L. Buchanan, and J. G. Phillips. 1987. 
Thermal resistance of Aeromonas hydrophila. J. Food Prot. 50:761-764. 
 
[150] Palumbo, S. A., J. E. Call, P. H. Cooke, and A. C. Williams. 1995. Effect of 
pyrophosphates and NaCl on Aeromonas hydrophila K144. J. Food Safety 15:77-
87 
 
[151] Pancholi, V. 2001. Multifunctional alpha-enolase: its role in diseases. Cell. Mol. 
Life Sci. 58:902-920. 
 
[152] Park, T. S., S. H. Oh, E. Y. Lee, T. K. Lee, K. H. Park, M. J. Figueras, and C. L. 
Chang. 2003. Misidentification of Aeromonas veronii biovar sobria as Vibrio 
alginolyticus by the Vitek system. Lett. Appl. Microbiol. 37:349–353. 
 
[153] Pavlov, D., C. M. E. de Wet, W. O. K. Grabow, and M. M. Ehlers. 2004. 
Potentially pathogenic features of heterotrophic plate cunt bacteria isolated 
from treated and untreated drinking water. Int. J. Food Microbiol. 92: 275-287. 
 
[154] Pemberton, J. M., S. P. Kidd, and R. Schmidt. 1997. Secreted enzymes of 
Aeromonas. FEMS Microbiol. Lett. 152:1-10. 
 
[155] Pesarin, F. 2001. Multivariate permutation test: with application in 
biostatistics. Wiley, Chichester, United Kingdom. 
 
[156] Pesarin, F., and L. Salmaso. 2010. Permutation tests for complex data: theory, 
applications and software. Wiley, Chichester, United Kingdom. 
 
 
139 
[157] Pidiyar, V., A. Kaznowski, N. B. Narayan, M. Patole, and Y. S. Shouche. 
2002. Aeromonas culicicola sp. nov., from the midgut of Culex quinquefasciatus. 
Int. J. Syst. Evol. Microbiol. 52:1723–1728. 
 
[158] Pinna, A., L. A. Sechi, S. Zanetti, D. Usai, and F. Carta. 2004. Aeromonas 
caviae keratitis associated with contact lens wear. Ophthalmology. 111:348–351. 
 
[159] Popoff, M. Y., C. Coynault, M. Kiredjian, and M. Lemelin. 1981. 
Polynucleotide sequence relatedness among motile Aeromonas species. Curr. 
Microbiol. 5:109–114. 
 
[160] Popoff, M. 1984. Genus III. Aeromonas. Kluyver and Van Niel 1936, 398AL, p. 
545–547. In N. R. Krieg and J. J. Holt (ed.), Bergey’s manual of systematic 
bacteriology, vol. 1, section 5a, 9th ed. Williams & Wilkins, Baltimore, MD. 
 
[161] Porteen, K. , R. K. Agarwal and K. N. Bhilegaonkar. 2006. PCR-Based 
detection of Aeromonas from milk samples. J. Food Techn. 4:111–115. 
 
[162] Porteen, K., R. K. Agarwal, and K. N. Bhilegaonkar. 2007. Detection of 
Aeromonas spp. from chicken and fish samples by polymerase chain reaction. 
Am. J. Food Techn. 2:30-37. 
 
[163] Posada, D., and K. A. Crandall. 2001. Evaluation of methods for detecting 
recombination from DNA sequences: computer simulations. Proc. Natl. Acad. Sci. 
98:13757-13762. 
 
[164] Prakash, O., M. Verma, P. Sharma, M. Kumar, K. Kumari, A. Singh, H. 
Kumari, S. Jit, S. K. Gupta, M. Khanna, and R. Lal. 2007. Polyphasic approach 
of bacterial classification – an overview of recent advances. Indian J. Microbiol. 
47:98–108. 
 
[165] Presley, S. M., T. R. Rainwater, G. P. Austin, S. G. Platt, J. C. Zak, G. P. Cobb, 
E. J. Marsland, K. Tian, B. Zhang, T. A. Anderson, S. B. Cox, M. T. Abel, B. D. 
Leftwich, J. R. Huddleston, R. M. Jeter, and R. J. Kendall. 2006. Assessment of 
pathogens and toxicants in New Orleans, LA following hurricane Katrina. 
Environ. Sci. Technol. 40:468–474. 
 
[166] Radomyski, T., E. A. Murano, D. G. Olson, and P. S. Murano. 1994. 
Elimination of Pathogens of Significance in Food by Low-dose Irradiation: A 
Review. J. Food Prot. 57:73-86. 
 
[167] Rahman, M., G. Huys, M. Rahman, M. J. Albert, I. Kühn, R. Möllby. 2007. 
Persistence, transmission, and virulence characteristics of Aeromonas strains in 
a duckweed aquaculture-based hospital sewage water recycling plant in 
Bangladesh. Appl. Environ. Microbiol. 73:1444–1451. 
 
[168] Ravn, L., A. B. Christensen, S. Molin, M. Givskov, and L. Gram. 2001. 
Methods for detecting acylated homoserine lactones produced by Gram-negative 
bacteria and their application in studies of AHL-production kinetics. J. Microbiol. 
Methods. 44:239–251. 
 
 
140 
[169] Reith, M. E, R. K. Singh, B. Curtis, J. M. Boyd, A. Bouevitch, J. Kimball, J. 
Munholland, C. Murphy, D. Sarty, J. Williams, J. H. E. Nash, S. C. 
Johnson, and L. L Brown. The genome of Aeromonas salmonicida subsp. 
salmonicida A449: insights into the evolution of a fish pathogen. BMC Genomics. 
9:427. 
 
[170] Robinson, D. A., E. J. Feil, D. Falush. 2010. Bacterial Population Genetics in 
Infectious Disease John Wiley and Sons, Inc., Hoboken, New Jersey, USA. 
 
[171]  Roger, F., H. Marchandin, E. Jumas-Bilak, A. Kodjo, and B. Lamy. 2012. 
Multilocus genetics to reconstruct aeromonad evolution. BMC Microbiol. 12:62.  
 
[172] Roger, F., B. Lamy, E. Jumas-Bilak, A. Kodjo, and H. Marchandin. 2012. 
Ribosomal multi-operon diversity: an original perspective on the genus 
Aeromonas. PLoS One. 7:e46268.  
 
[173] Romano, S., F. Aujoulat, E. Jumas-Bilak, A. Masnou, J. L. Jeannot, E. Falsen, 
H. Marchandin, and C. Teyssier. 2009. Multilocus sequence typing supports 
the hypothesis that Ochrobactrum anthropi displays a human-associated 
subpopulation. BMC Microbiol. 9:267.  
 
[174] Saavedra, M. J., M. J. Figueras, and A. J. Martinez-Murcia. 2006. Updated 
phylogeny of the genus Aeromonas. Int. J. Syst. Evol. Microbiol. 56:2481–2487. 
 
[175] Saha, P., and T. Chakrabarti. 2006. Aeromonas sharmana sp. nov., isolated 
from a warm spring. Int. J. Syst. Evol. Microbiol. 56:1905–1909. 
 
[176] Saitou, N., and M. Nei. 1987. The neighbor-joining method: a new method for 
reconstructing phylogenetic trees. Mol. Biol. Evol. 4:406-425. 
 
[177] Santos, J., T. M. Lopez-Diaz, M. L. Garcia-Lopez, M. C. Garcia-Fernandez, 
and A. Otero. 1994. Minimum water activity for the growth of Aeromonas 
hydrophila as affected by strain, temperature and humectant. Lett. Appl. 
Microbiol. 19:76-78. 
 
[178] Sarma, P. S. 2002. Aeromonas jandaei cellulitis and bacteremia in a man with 
diabetes. Am. J. Med. 112:325. 
 
[179] Sen, K., and M. Rodgers. 2004. Distribution of six virulence factors in 
Aeromonas species isolated from US drinking water utilities: a PCR 
identification. J. Appl. Microbiol. 97:1077–1086. 
 
[180] Sen, K. 2005. Development of a rapid identification method for Aeromonas 
species by multiplex-PCR. Can. J. Microbiol. 51:957–966. 
 
[181] Seshadri, R., S. W. Joseph, A. K. Chopra, J. Sha, J. Shaw, J. Graf, D. Haft, M. 
Wu, Q. Ren, M. J. Rosovitz, R. Madupu, L. Tallon, M. Kim, S. Jin, H. Vuong, O. 
C. Stine, A. Ali, A. J. Horneman, and J. F. Heidelberg. 2006. Genome sequence 
of Aeromonas hydrophila ATCC 7966T: jack of all trades. J. Bacteriol. 188:8272–
8282. 
 
 
141 
[182] Sha, J., E. V. Kozlova, and A. K. Chopra. 2002. Role of various enterotoxins in 
Aeromonas hydrophila-induced gastroenteritis: generation of enterotoxin gene-
deficient mutants and evaluation of their enterotoxic activity. Infect. Immun. 
70:1924–1935. 
 
[183] Sha, J., C. L. Galindo, V. Pancholi, V. L. Popov, Y. Zhao, C. W. Houston, and A. 
K. Chopra. 2003. Differential expression of the enolase gene under in vivo 
versus in vitro growth conditions of Aeromonas hydrophila. Microb. 
Pathog. 34:195-204. 
 
[184] Sha, J., L. Pillai, A. A. Fadl, C. L. Galindo, T. E. Erova, and A. K. Chopra. 2005. 
The type III secretion system and cytotoxic enterotoxin alter the virulence of 
Aeromonas hydrophila. Infect. Immun. 73:6446–6457. 
 
[185] Silby, M. W., C. Winstanley, S. A. Godfrey, S. B. Levy, and R. W. Jackson. 
2011. Pseudomonas genomes: diverse and adaptable. FEMS Microbiol Rev. 
35:652-680. 
 
[186] Silver, A. C., Y. Kikuchi, A. A. Fadl, J. Sha, A. K. Chopra, and J. Graf. 2007. 
Interaction between innate immune cells and a bacterial type III secretion 
system in mutualistic and pathogenic associations. Proc. Natl. Acad. Sci. 
104:9481–9486. 
 
[187] Silver, A. C., N. M. Rabinowitz, S. Küffer, and J. Graf. 2007. Identification of 
Aeromonas veronii genes required for colonization of the medicinal leech, Hirudo 
verbana. J. Bacteriol. 189:6763–6772. 
 
[188] Silver, A. C., and J. Graf. 2009. Prevalence of genes encoding the type three 
secretion system and the effectors Aext and AexU in the Aeromonas veronii 
group. DNA Cell Biol. 8:383–388. 
 
[189] Silver, A. C., D. Williams, J. Faucher, A. J. Horneman, J. P. Gogarten, and J. 
Graf. 2011. Complex evolutionary history of the Aeromonas veronii group 
revealed by host interaction and DNA sequence data. PLoS One 6:e16751. 
 
[190] Sneath, P. H. A., and R. Johnson. 1972. The influence on numerical taxonomic 
similarities of errors in microbiological tests. J. Gen. Microbiol. 72:377–392. 
 
[191] Sneath, P. H. A. 1993. Evidence from Aeromonas for genetic crossing-over in 
ribosomal sequences. Int. J. Syst .Bacteriol. 43: 626–629. 
 
[192] Sokal, R. R., and F. J. Rohlf. 1962. The comparison of dendrograms by 
objective methods. Taxon 11:33–40. 
 
[193] Soler, L., F. Marco, J. Vila, M. R. Chacon, J. Guarro, and M. J. Figueras. 2003. 
Evaluation of two miniaturized systems, MicroScan W/A and BBL Crystal E/NF, 
for identification of clinical isolates of Aeromonas spp. J. Clin. Microbiol. 
41:5732–5734. 
 
 
 
142 
[194] Soler, L., M. A. Yáñez, M. R. Chacon, M. G. Aguilera-Arreola, V. Catalán, M. J. 
Figueras, and A. J. Martínez-Murcia. 2004. Phylogenetic analysis of the genus 
Aeromonas based on two housekeeping genes. Int. J. Syst. Evol. Microbiol. 
54:1511–1519. 
 
[195] Stanier, R. Y. 1943. A note on the taxonomy of Proteus hydrophilus. J. Bacteriol. 
46:213–214 
 
[196] Stratev, D., I. Vashin, and V. Rusev. 2012. Prevalence and survival of 
Aeromonas spp. in foods. A review. Revue Médicine Véterinaire. 163:486-494. 
 
[197] Tajima, F. 1989. Statistical methods to test for nucleotide mutation hypothesis 
by DNA polymorphism. Genetics 123:585–595. 
 
[198] Tamura, K., J. Dudley, M. Nei, and S. Kumar. 2007. MEGA4: Molecular 
Evolutionary Genetics Analysis (MEGA) software version 4.0. Mol. Biol. Evol. 
24:1596–1599. 
 
[199] Tarrand, J. J., and D. H. Gröschel. 1982. Rapid, modified oxidase test for 
oxidase-variable bacterial isolates. J Clin Microbiol. 16:772-774. 
 
[200] Thompson,  J. D., D. G. Higgins, and T. J. Gibson. 1994. CLUSTAL W: 
improving the sensitivity of progressive multiple sequence alignment through 
sequence weighting, position-specific gap penalties and weight matrix choice. 
Nucleic Acids Res. 22:4673-4680. 
 
[201] Thomsen, R. N., and M. M. Kristianse. 2001. Three cases of bacteraemia 
caused by Aeromonas veronii biovar sobria. Scand. J. Infect. Dis. 33:718–719. 
 
[202] Thorton, S. M., S. Nolan, and F. M. Gulland. 1998. Bacterial isolates from 
California sea lions (Zalophus californicus), harbor seals (Phoca vitulina), and 
northern elephant seals (Mirounga angustirostris) admitted to a rehabilitation 
center along the central California coast, 1994–1995. J. Zoo. Wildl. Med. 29:171–
176. 
 
[203] Thrusfield, M., C. Ortega, I. de Blas, J. P. Noordhuizen, and K. Frankena. 
2001. WIN EPISCOPE 2.0: improved epidemiological software for veterinary 
medicine. Veterinary Record. 148:567-572.  
 
[204] Tsai, M. S., C. Y. Kuo, M. C. Wang, H. C. Wu, C. C. Chien, and J. W. Liu. 2006. 
Clinical features and risk factors for mortality in Aeromonas bacteremic adults 
with hematologic malignancies. J. Microbiol. Immunol. Infect. 39:150–154. 
 
[205] Ullmann, D., G. Krause, D. Knaber, H. Weber, and L. Beutin. 2005. Isolation 
and characterization of potentially human pathogenic, cytotoxin producing 
Aeromonas strains from retailed seafood in Berlin, Germany. J. Vet. Med. 52:82-
87. 
 
[206] Ureta-Vidal, A., L. Ettwiller, and E. Birnay. 2003. Comparative genomics: 
genome wide analysis in metazoans eukaryotes. Nat. Rev. Genet. 4:251-262. 
 
 
143 
[207] Uyttendaele, M., K. Neyts, H. Vanderswalmen, E. Notebaert, and J. 
Debevere. 2004. Control of Aeromonas on minimally processed vegetables by 
decontamination with lactic acid, chlorinated water, or thyme essential solution. 
Int. J. Food Microb. 90:263-271. 
 
[208] Valera, L., and C. Esteve. 2002. Phenotypic study by numerical taxonomy of 
strains belonging to the genus Aeromonas. J. Appl. Microbiol. 93:77–95. 
 
[209] Van Berkum, P., P. Elia, and B. D. Eardly. 2006. Multilocus sequence typing 
as an approach for population analysis of Medicago-nodulating rhizobia. J. 
Bacteriol. 188:5570–5577. 
 
[210] Venkatesan, M., C. J. Westbrook, M. C. Hauer, and J. L. Rasgon. 2007. 
Evidence for a population expansion in the West Nile virus vector Culex tarsalis. 
Mol. Biol. Evol. 24:1208-1218.  
 
[211] Verner-Jeffreys, D. W., T. J. Welch, T. Schwarz, M. J. Pond, M. J. Woodward, 
S. J. Haig, G. S. E. Rimmer, E. Roberts, V. Morrison, and C. Baker-Austin. High 
prevalence of multidrug-tolerant bacteria and associated antimicrobial 
resistance genes isolated from ornamental fish and their carriage water. PLoS 
One. 4:e8388.  
 
[212] Vila, J., F. Marco, L. Soler, M. Chacon, and M. J. Figueras. 2002. In vitro 
antimicrobial susceptibility of clinical isolates of Aeromonas caviae,  Aeromonas 
hydrophila, and Aeromonas veronii biotype sobria. J. Antimicrob. Chemother. 
49:697–702. 
 
[213] Villari, P., M. Crispino, P. Montuori, and S. Stanzione. 2000. Prevalence and 
molecular characterization of Aeromonas spp. in ready-to-eat foods in Italy. J. 
Food Prot. 63:1754-1757. 
 
[214] Von Graevenitz, A., and A. H. Mensch. 1968. The genus Aeromonas in human 
bacteriology: report of 30 cases and review of the literature. N. Engl. J. Med. 
278:245–249. 
 
[215] Vos, M., and X. Didelot. 2009. A comparison of homologous recombination 
rates in bacteria and archaea. ISME J. 3:199–208. 
 
[216] Voss, L. M., K. H. Rhodes, and K. A. Johnson. 1992. Musculoskeletal and soft 
tissue Aeromonas infection: an environmental disease. Mayo Clin. Proc. 67:422–
427. 
 
[217] Wang, G., C. G. Clark, C. Liu, C. Pucknell, C. K. Munro, T. M. Kruk, R. 
Caldeira, D. L. Woodward, and F. G. Rodgers. 2003. Detection and 
characterization of the hemolysin genes in Aeromonas hydrophila and 
Aeromonas sobria by multiplex PCR. J. Clin. Microbiol. 41:1048–1054. 
 
[218] Xanthopoulos V., N. Tzanetakis, and E. Litopoulou-Tzanetaki. 2010. 
Occurrence and characterization of Aeromonas hydrophila and Yersinia 
enterocolitica in minimally processed fresh vegetable salads. Food Control. 21: 
393–398 
 
144 
 
[219] Yáñez, M. A., V. Catalán, D. Apráiz, M. J. Figueras, and A. J. Martínez-
Murcia. 2003. Phylogenetic analysis of members of the genus Aeromonas based 
on gyrB gene sequences. Int. J. Syst. Evol. Microbiol. 53:875–883. 
 
[220] Zhiyong, Z., L. Xiaoju, and G. Yanyu. 2002. Aeromonas hydrophila infection: 
clinical aspects and therapeutic options. Rev. Med. Microbiol. 13:151–162. 
 
[221] http://blast.ncbi.nlm.nih.gov/Blast.cgi 
 
[222] http://frodo.wi.mit.edu/primer3/ 
 
[223] http://permanent.access.gpo.gov/lps21800/www.epa.gov/safewater/ccl/cclf
s.html 
 
[224] http://www.ebi.ac.uk 
 
[225] http: //www.gest.unipd.it/µ salmaso/NPCµ TEST.htm 
 
[226] http://www.r-project.org 
 
[227] http://www.who.int/water_sanitation_health/dwq/guidelines/en/index.html 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
145 
ADDITIONAL MATERIAL 
 
Table A1. Results of the amplifications of the 3 virulence markers chosen in the second 
phase of the study for the analysis of the Aeromonas strains isolated from ready-to-eat foods 
and human cases. 
Strain ST ahh1 
act-
asa1 
ast Strain ST ahh1 
act-
asa1 
ast Strain ST ahh1 
act-
asa1 
ast 
CECT4220 165 + - - Ae83 194 - + - Ae112 223 + - - 
CECT4258 166 + + - Ae84 195 - + - Ae113 224 - - - 
CECT4259 167 + + - Ae85 196 - - - Ae114 225 - + - 
CECT4813 168 + + - Ae86 197 - + - Ae115 226 - - - 
CECT4815 169 - + - Ae87 198 - + - Ae116 227 - + - 
CECT4904 170 + + - Ae88 199 - - - Ae117 228 - - - 
CECT4906 171 - + - Ae89 200 - + - Ae118 229 - - - 
CECT4907 172 - + - Ae90 201 - + - Ae119 230 - - - 
CECT4908 173 - - - Ae91 202    Ae120 231 - - - 
CECT4910 174 - + - Ae92 203 - + - Ae121 232 - - - 
CECT4911 175 - - - Ae93 204 + + - Ae122 233 - - - 
CECT4912 176 - + - Ae94 205 + + - Ae123 234 - - - 
CECT4936 177 - - - Ae95 206 + + + Ae124 181 - - - 
CECT4937 178 - - - Ae96 207 - + - Ae125 235 - - - 
CECT5233 179 + + + Ae97 208 + + + Ae126 236 - - - 
CECT5237 180 - - - Ae98 209 + + + Ae127 237 - - - 
CECT5241 181 - - + Ae99 210 - + - Ae128 238 - - - 
CECT5743 182 + + - Ae100 211 + + - Ae129 239 - - - 
CECT5744 183 + + - Ae101 212 + + - Ae130 240 - - - 
CECT5745 184 - - - Ae102 213 - + - Ae131 241 - - - 
CECT7403 185 ND ND ND Ae103 214 + + - Ae132 242 - - - 
CECT7083 186 ND ND ND Ae104 215    Ae133 243 - - - 
CECT5864 187 ND ND ND Ae105 216    Ae134 244 - - - 
CECT7402 188 ND ND ND Ae106 217 + + - Ae135 245 - - - 
Ae78 189 - - - Ae107 218 - - - Ae136 246 - - - 
Ae79 190 - - - Ae108 219 - - - Ae137 247 - - - 
Ae80 191 - - - Ae109 220 - - - Ae138 248 - - - 
Ae81 192 - - - Ae110 221 - + - Ae139 249 - - - 
Ae82 193 - - - Ae111 222 + + + Ae140 250 - + - 
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Fig. A1. Neighbor-joining phylogenetic trees of the 96 Aeromonas strains constructed individually for the six genes included 
in the MLST analysis: gyrB (A), groL (B), gltA (C), metG (D), ppsA (E), recA (F). Boostrap values above 80% are indicated. 
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 Fig. A2. SplitsTree graphs of the six single loci constructed in SplitsTree v4.0: gyrB (A), groL (B), ppsA (C), gltA (D), metG (E), recA (F). 
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 Fig. A2. SplitsTree graphs of the six single loci constructed in SplitsTree v4.0: gyrB (A), groL (B), ppsA (C), gltA (D), metG (E), recA (F). 
 Fig. A3. (A) SplitsTree graph of the concatenated sequences of all STs based on the six loci with significant evidence of recombination obtained by 
using PHI test and constructed in SplitsTree v4.0. The figure also reports the SplitsTree graphs of A. salmonicida/popoffii/bestiarum (B), A. sobria (C) 
and A. veronii (D) populations identified with Structure analysis. 
1
4
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Fig. A4. Consensus tree based on the posterior sample of topologies inferred by ClonalFrame of the 
89 STs displaying the clonal relationships between the Aeromonas STs at the six loci. 
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Fig. A5. Diagram showing the clonal relationships among the 250 Aeromonas STs considered in this 
study obtained by the goeBURST algorithmin PHILOViZ software. The STs were grouped depending on 
their source of isolation. 
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The genus Aeromonas has been described as comprising several species associated with the aquatic envi-
ronment, which represents their principal reservoir. Aeromonas spp. are commonly isolated from diseased and
healthy fish, but the involvement of such bacteria in human infection and gastroenteritis has frequently been
reported. The primary challenge in establishing an unequivocal link between the Aeromonas genus and
pathogenesis in humans is the extremely complicated taxonomy. With the aim of clarifying taxonomic rela-
tionships among the strains and phenotypes, a multilocus sequencing approach was developed and applied to
characterize 23 type and reference strains of Aeromonas spp. and a collection of 77 field strains isolated from
fish, crustaceans, and mollusks. All strains were also screened for putative determinants of virulence by PCR
(ast, ahh1, act, asa1, eno, ascV, and aexT) and the production of acylated homoserine lactones (AHLs). In
addition, the phenotypic fingerprinting obtained from 29 biochemical tests was submitted to the nonparametric
combination (NPC) test methodology to define the statistical differences among the identified genetic clusters.
Multilocus sequence typing (MLST) achieved precise strain genotyping, and the phylogenetic analysis of
concatenated sequences delineated the relationship among the taxa belonging to the genus Aeromonas, pro-
viding a powerful tool for outbreak traceability, host range diffusion, and ecological studies. The NPC test
showed the feasibility of phenotypic differentiation among the majority of the MLST clusters by using a
selection of tests or the entire biochemical fingerprinting. A Web-based MLST sequence database (http:
//pubmlst.org/aeromonas) specific for the Aeromonas genus was developed and implemented with all the
results.
The strains ascribed to the genus Aeromonas are present in
a wide range of habitats. These bacteria are usually associated
with an aquatic environment, which represents their principal
reservoir (30). Aeromonas spp. have been found in different
sites in both freshwater and brackish water, and some strains
seem to be resistant to the chlorination of drinking water (8,
58, 71). Moreover, this genus is usually isolated from different
terrestrial ecosystems, such as food, invertebrates, vegetables,
slurry, and fecal contents of farm animals but also as a diges-
tive tract symbiont of fish, leeches, and bats (30). Some strains
of motile and nonmotile aeromonads are involved in different
fish diseases, such as septicemia, ulcerative disease, and furun-
culosis (2, 16, 75). The genus is also implicated in some infec-
tions of terrestrial vertebrates (46). Given the worldwide dis-
tribution of this genus, the occurrence of antibiotic resistance,
and the ability of some strains to survive safety treatments,
interest in this genus (including interest in its members as
human pathogens) has grown over the past 2 decades (32).
Recently, several studies have investigated the role of Aero-
monas species in human infections (34, 43, 64, 61) and the role
of the involved virulence factors (6, 15, 49, 62). Several recent
studies reported the involved virulence factors in fish infections
(11, 17, 36). The primary challenge in establishing an unequiv-
ocal link between the Aeromonas genus and pathogenesis is the
extremely complicated taxonomy. Furthermore, only a small
subset of strains containing genes for potential virulence fac-
tors seems to cause infection or diarrhea (30).
Thus, considerable effort has been directed toward develop-
ing methods for correctly identifying and classifying the differ-
ent species of the genus, especially those species that have
been implicated in human diseases. The number of taxa as-
cribed to the genus Aeromonas has increased during the last
decade; over 20 species have been described, but in some cases,
the validity of the designation is not universally accepted (14).
Phenotypic classification keys and numerical taxonomy have
been proposed by some authors to describe the more fre-
quently isolated species and include some new phenospecies
(1, 13, 72). However, the chemotaxonomic methods that have
worked with large numbers of tests need simplification for
routine use. In addition, problems in the accuracy of discrim-
ination between species developed when the variability of
strain data sets was improved (1). The classification of micro-
* Corresponding author. Mailing address: Department of Public
Health, Comparative Pathology and Veterinary Hygiene, University of
Padova, Agripolis, Viale dell’Universita` 16, 35020 Legnaro, Padua,
Italy. Phone: 3949 827 2965. Fax: 3949 827 2973. E-mail for Maria
Elena Martino: mariaelena.martino@unipd.it. E-mail for Luca Fasolato:
luca.fasolato@unipd.it.
§ M. E. Martino and L. Fasolato contributed equally to this work.
† Supplemental material for this article may be found at http://aem
.asm.org/.
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organisms on the basis of traditional microbiological methods
(morphological, physiological, and biochemical) is not actually
a reliable designation of their taxonomic status. Thus, a more
comprehensive and pragmatic approach is required to furnish
convincing information to derive a complete characterization
of the bacteria.
DNA-based molecular methods have become more popular
and widely acceptable due to their reproducibility, simplicity,
and high discriminatory power (54). Several molecular meth-
ods for discriminating Aeromonas species have been applied in
the last decade, and these methods include DNA-DNA hybrid-
ization, 16S rRNA gene ribotyping, randomly amplified poly-
morphic DNA (RAPD) PCR, amplified fragment length poly-
morphism (AFLP), restriction fragment length polymorphism
(RFLP), pulsed-field gel electrophoresis (PFGE), and multi-
plex PCR; however, the majority of these methods are very
laborious, are not reproducible, and in most cases do not give
discriminatory results (40, 59). The limited intragenomic het-
erogeneity reported for the 16S rRNA genes in the genus
Aeromonas suggests that a single-gene-based identification ap-
proach may not be appropriate for characterizing this bacterial
genus (45).
In 1998, multilocus sequence typing (MLST) was proposed
as a portable and universal method for characterizing bacteria
on the basis of sequence polymorphisms within internal frag-
ments of housekeeping genes. Each gene fragment is trans-
lated into a distinct allele, and each isolate is classified as a
sequence type (ST) by the combination of the alleles of the
housekeeping loci (70). Therefore, this type of sequence anal-
ysis is effective for genomic species identification and is ex-
tremely useful for determining branching orders in evolution,
which is difficult to achieve using other methods, such as DNA-
DNA hybridization (76). Recently, MLST (often called multi-
locus sequence analysis [MLSA]) has been applied to different
bacterial genera as a rapid and simple method for species
delineation (18, 50).
In the present study, we applied the traditional microbiolog-
ical tests for the identification of 100 strains preliminarily at-
tributed to the Aeromonas genus (23 reference/type strains and
77 isolates), and at the same time, we developed a molecular
method based on a comparative sequence analysis of six rele-
vant markers. The two methods were compared to assess the
congruence of the respective results. Furthermore, we have
developed and implemented a Web-based MLST sequence
database (http://pubmlst.org/aeromonas) specific for the Aero-
monas genus (31). Derived phylogenetic analyses were inferred
to investigate Aeromonas interspecies relationships, particu-
larly between very close species, and to investigate internal
genetic structures and recombination rates within the main
Aeromonas groups.
To complete the characterization of the Aeromonas strains,
a PCR approach was applied for a preliminary test to verify the
presence of a selection of genes involved in virulence pro-
cesses. In this way, the distribution of the virulence factors
were related to the taxonomic position of the Aeromonas
strains.
MATERIALS AND METHODS
Bacterial strains and genus phenotypic identification. A total of 23 reference
and type strains were selected to develop an MLST scheme comprising the 15
major taxa of the genus Aeromonas (A. hydrophila, A. bestiarum, A. salmonicida,
A. caviae, A. media, A. eucrenophila, A. sobria [sensu stricto], A. veronii [two
biotypes], A. jandaei, A. schubertii, A. enteropelogenes [A. trota], A. encheleia, A.
allosaccharophila, A. popoffii, and A. sharmana [now proposed as Manjusharmella
aquatica]) (41).
A collection of 77 field strains isolated between 1999 and 2009 was analyzed.
Approximately 93.5% of the samples were derived from specimens of diseased
freshwater and marine fish, and the remaining fraction was isolated from crus-
taceans (3.9%) and mollusks (2.6%) collected in the Veneto region in the
northeast of Italy. The field isolates had previously been characterized to the
genus level with the following phenotypic traits: they are Gram negative, oxidase
positive, have facultative anaerobic metabolism, show resistance to O/129 (150
g) (Oxoid discs), perform glucose fermentation on a Kligler iron agar (KIA)
slant, and were presumptively confirmed by a miniaturized API-20E system
(bioMe´rieux, Inc., Hazelwood, MO). In this trial, nonmotile strains were also
included and assigned to an A. salmonicida group (A. hydrophila complex) that
grows at lower temperatures (22°C) and produces a brownish pigment. The
complete list of the 100 strains included in the study is presented in Table 1.
Other designations regarding type and reference strains are reported in Table S1
in the supplemental material.
Phenotypic characterization and acylated homoserine lactone (AHL) produc-
tion. All strains were tested for 31 phenotypic traits. The incubation was con-
ducted at 28°C (72) except for growth tests, which were conducted at 42°C and
4°C. The media used for biochemical analysis were inoculated from overnight
tryptone soy broth (TSB) cultures. The following tests were applied in this study:
motility, production of diffusible brown pigment on tryptic soy agar (TSA),
catalase, gelatin salt (3%) liquefaction, Voges-Proskauer test, ornithine and
lysine decarboxylase activity, arginine dihydrolase activity, requirement of salt (0
and 3% [wt/vol] NaCl in tubes), gas production from D-glucose in Durham tubes,
indole production in tryptone tryptophan media (TTM), growth on TCBS plates
(Oxoid), acid production from the carbohydrates D-mannitol, sucrose, and L-
arabinose (1), hydrolysis of esculin and starch, lecithinase and phospholipase
activities and proteolytic activity on egg yolk agar, citrate utilization, urease
production, cephalothin and ampicillin susceptibility by the Bauer-Kirby method
(13), beta-hemolysis in blood sheep agar, Kligler iron agar slant to detect lactose
utilization, and gas and hydrogen sulfide production.
A qualitative screening for AHLs on agar plates was conducted according to
the methods of Ravn and colleagues (55) with the Chromobacterium violaceum
CV026 monitor strain. Most tests were recorded daily with a 48-h endpoint as
suggested by Abbott and colleagues (1) for clinical laboratories. Antibiotic re-
sistance, AHL production, and catalase were read at day 1, while growth at 42°C
or 4°C was read at 7 days. A first biochemical classification of Aeromonas spp. as
members of the A. hydrophila complex, A. caviae-A. media complex, and A.
sobria-A. veronii complex was conducted according to previous literature (1, 13,
32) and is reported in Table 1.
Design of primers. Six housekeeping genes (gyrB, groL, gltA, metG, ppsA, and
recA) were chosen for the MLST analysis by using the following criteria: presence
as a single copy in all strains, conservation of sequence, and wide distribution
across the chromosome. Six genes (aexT, ascV, eno, ast, act-asa, and ahh1) were
selected as potential markers of virulence. All of the available partial and full-
length sequences of the six Aeromonas housekeeping genes and of the Aeromo-
nas aexT, ascV, and eno virulence genes were downloaded from the GenBank
database and aligned by the ClustalW program (http://www.ebi.ac.uk). Primers
were designed from the most conserved regions by using Primer3 software
(http://frodo.wi.mit.edu/primer3/), with a length of 19 to 25 nucleotides and, for
MLST primers, with the constraint of displaying the same annealing temperature
range. Primers for the amplification of ast, act-asa, and ahh1 were obtained from
previous studies (33, 58, 74). The complete list of genes analyzed in this study and
all primers used for PCR amplifications and sequencing is listed in Table 2.
DNA extraction and PCR amplification. For DNA extraction, a single colony
from a fresh culture was resuspended in 100 l nuclease-free water, vortexed at
high speed for 5 s, and incubated at 94°C for 10 min. The tube was vortexed again
and centrifuged for 2 min at 14,000 rpm. The supernatant was transferred to a
fresh tube and stored at 20°C.
The PCR amplification was performed in a Euroclone One Advanced thermal
cycler (Celbio, Milan, Italy). The PCRs were performed in a final volume of 20
l of amplification mix containing 1 U of GoTaq polymerase (Promega, Madi-
son, WI), 1 GoTaq buffer, 1.5 mM MgCl2, 0.2 mM each deoxynucleoside
triphosphate (dNTP), 250 mM each primer, and 5 ng of genomic DNA as the
template.
For the amplification of the six housekeeping genes, conditions for direct
sequencing without any additional purification of templates were used (0.1 mM
dNTPs, 0.02 mM both primers). The reaction mixture was subjected to a touch-
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down PCR as follows: an initial step at 94°C for 2 min, followed by 35 cycles each
of denaturation at 94°C for 10 s, annealing at changing temperatures (i.e., the
temperature changed from 65°C to 60°C in 0.5°C decrements during the first 10
cycles) for 30 s, and extension at 72°C for 2 min. Amplification conditions for
virulence genes were comprised of an initial 2-min denaturation step at 94°C
followed by 35 cycles of 20 s at 94°C, 30 s at different temperatures, depending
on the amplified target, and 50 s at 72°C, with a final extension at 72°C for 7 min.
Amplified products were analyzed by electrophoresis on 1.8% agarose–Tris-
acetate-EDTA (TAE) gels, stained with SYBR Safe (Invitrogen, Carlsbad, CA),
and visualized on a UV transilluminator.
Bidirectional sequencing of the six target genes for the MLST analysis was
performed using the respective primer pairs used for PCR amplifications as sense
and antisense sequencing primers. The nucleotide sequences were determined
using the BigDye Terminator cycle sequencing ready reaction kit with AmpliTaq
DNA polymerase (Applied Biosystems, Foster City, CA), and the electrophore-
sis was performed on an ABI Prism 3100 Genetic Analyzer (Applied Biosystems,
Foster City, CA) automated sequencer, according to the manufacturer’s instruc-
tions. The sequences of the amplicons were verified by BLAST search (7) to
indicate whether they had homology to the respective genes for which the
primers were designed.
MLST data treatment and phylogenetic analyses. Analysis, editing, and com-
parison of the 1,452 chromatograms and sequences obtained for the six genes
from the 96 bacterial strains (4 strains are not included in the MLST analysis
because of amplification problems) were performed using FinchTV software
(Geospiza). The consensus sequence for each gene fragment was determined by
alignment of the forward and reverse sequences by using the ClustalW program
(http://www.ebi.ac.uk). The coding sequences used for the housekeeping genes
were read in frame. Allele sequences that differed from each other by one or
more polymorphisms were attributed to a unique allele number in the order of
discovery. Each unique allelic profile, as defined by the allele numbers of the 6
loci, was assigned a sequence type (ST) number. The same ST was used for some
strains if they shared the same allelic profile. Multiple alignments containing the
concatenated sequences were straightforward and were performed according to
the genomic gene order, gyrB, groL, gltA, metG, ppsA, and recA. All analyzed
MLST sequences had the same length (3,084 nucleotides). Diversity indices, such
as the GC content of each locus, number of polymorphic sites, average num-
bers of synonymous and nonsynonymous sites, Tajima’s D, nucleotide diversity
per site (), and the average number of nucleotide differences per site (), were
calculated using DnaSP version 5.10 (37).
For phylogenetic analysis, concatenated sequences were aligned and analyzed
by using MEGA v4.1 (69). Genetic distances were computed by the Kimura
two-parameter model, and the phylogenetic tree was constructed using the
neighbor-joining method (see Fig. 1). At the same time, a phylogenetic tree was
also constructed for each gene to create a comparison between the six single-
gene trees and the concatenated tree (see Fig. S1 in the supplemental material).
Recombination analyses and horizontal gene transfer detection. Evidence for
recombination between STs of each allele was investigated by using different
approaches. Split-decomposition trees were constructed with 1,000 bootstrap
replicates based on parsimony splits as implemented in SplitsTree 4.0 (28). The
resulting trees, for individual loci and for the concatenated sequences, were
analyzed using the pairwise homoplasy index (PHI) test (12) to identify alleles
with significant evidence of recombination.
TABLE 2. Primers used for amplifications and sequencing
Primer Sequence (5–3) Gene product Size of PCRamplicon (bp)
Size of the target
sequence (bp)
Annealing
temp (°C) Reference
gyrB_F GGGGTCTACTGCTTCACCAA DNA gyrase,  subunit 669 477 59 This study
gyrB_R CTTGTCCGGGTTGTACTCGT
groL_F CAAGGAAGTTGCTTCCAAGG Chaperonin GroEL 782 510 56 This study
groL_R CATCGATGATGGTGGTGTTC
gltA_F TTCCGTCTGCTCTCCAAGAT Citrate synthase I 626 495 58 This study
gltA_R TTCATGATGATGCCGGAGTA
metG_F TGGCAACTGATCCTCGTACA Methionyl-tRNA synthetase 657 504 57 This study
metG_R TCTTGTTGGCCATCTCTTCC
ppsA_F AGTCCAACGAGTACGCCAAC Phosphoenolpyruvate synthase 619 537 60 This study
ppsA_R TCGGCCAGATAGAGCCAGGT
recA_F AGAACAAACAGAAGGCACTGG Recombinase A 640 561 57 This study
recA_R AACTTGAGCGCGTTACCAC
ahh1_F GCCGAGCGCCCAGAAGGTGAGTT Extracellular hemolysin 130 60 74
ahh1_R GAGCGGCTGGATGCGGTTGT
asa1_F TAAAGGGAAATAATGACGGCG Hemolysin 249 56 74
asa1_R GGCTGTAGGTATCGGTTTTCG
act_F AGAAGGTGACCACCAAGAACA Cytotoxic enterotoxin 232 56 33
act_R AACTGACATCGGCCTTGAACTC
ast_F TCTCCATGCTTCCCTTCCACT Heat-stable cytotonic enterotoxin 331 60 58
ast_R GTGTAGGGATTGAAGAAGCCG
ascV_F CTCGAACTGGAAGAGCAGAATG Type III secretion system inner 577 60 This study
ascV_R GAACATCTGGCTCTCCTTCTCGATG membrane component
eno_F CGCCGACAACAACGTCGACATC Enolase 598 60 This study
eno_R CTTGATGGCAGCCAGAGTTTCG
aexT_F ATGCAGATTCAAGCAAACAC ADP-ribosylating toxin 226 54 This study
aexT_R TTGCCGATCCACTCTTTGAT
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Recombination was also investigated by analyzing all STs with five algo-
rithms implemented in the RDP3 program (RDP, Chimaera, GENCONV,
MaxChi, and 3Seq) (39). Evidence for recombination was accepted if signif-
icant (P 	 0.001) and obtained with at least three tests implemented in the
RDP3 software.
The linkage model was used to identify groups with distinct allele frequencies
in Structure software (21). This procedure assigns a probability of ancestry for
each polymorphic nucleotide for a given number of groups, K, and it estimates q,
the combined probability of ancestry from each of the K groups for each indi-
vidual isolate. Eight groups were chosen for this report because repeated ana-
lyses (5 iterations, following a burn-in period of 100,000 iterations; Markov chain
Monte Carlo [MCMC] 
 50,000) with a K between 1 and 10 showed that the
model probability was best at a K value of 8.
eBURST and ClonalFrame analysis. Strain relationships were analyzed using
the eBURST program (http://eburst.mlst.net/default.asp) to identify potential
clonal complexes and founders (22). eBURST analysis was performed using the
default parameters, in which STs are assigned to the same group only if five out
of six alleles in the MLST loci are identical. ClonalFrame (19) was also used to
investigate the population structure. ClonalFrame is a method for using multi-
locus sequence data to infer the clonal relationship of bacteria and assumes that
recombination events were introduced at a constant rate of substitution to a
contiguous region of sequence. This model is reported to have advantages over
other methods, including bootstrapping and eBURST, for subdividing recombi-
nogenic bacteria (73).
The recombination to mutation (r/m) values were calculated as reported by
Vos and Didelot (73) for the main represented Aeromonas groups (A. sobria, A.
veronii, and A. salmonicida-A. bestiarum) and for the entire population analyzed.
Statistical analysis of phenotypic traits, virulence factors, and environmental
information. As suggested by Valera and Esteve (72), the individual test error
(Si2) was evaluated by examining 15 reference strains in duplicate (15% of the
total strains), and the estimation of the average error probability (S2) was cal-
culated according to the method proposed by Sneath and Johnson (65).
A hierarchical cluster analysis was performed on the phenotypic data set; the
matrix of the results was scored with values 1 (positive) and 0 (negative) and
analyzed with the program R (http://www.r-project.org). The dissimilarity dis-
tance matrixes for the variables were based on Gower’s coefficient (25) and
Jaccard’s coefficient; the method applied for clustering was unweighted-pair
group mathematical averaging (UPGMA) (72). The cophenetic correlation co-
efficient was applied to evaluate the distortion of the obtained dendrograms (66),
and the identification of the phenotypic clusters was conducted (24).
The obtained phenotypic data were also submitted to the nonparametric
combination (NPC) test methodology to define the statistical differences be-
tween the identified genetic clusters. As a general rule, considering a k-dimen-
sional hypothesis-testing problem, the NPC solution was processed in two steps.
First, a suitable set of k one-dimensional permutation tests, called partial tests,
was defined. Each partial test examined the marginal contribution of any single
response variable (e.g., phenotypic test) in the comparison between groups (51).
Second, the nonparametric combination of dependent tests into a second-order
combined test, which was suitable for testing possible global differences between
the multivariate distributions of groups (all phenotypic profiles), was performed.
NPC test analysis was conducted with the free software NPC Test R10 (http:
//www.gest.unipd.it/salmaso/NPC_TEST.htm), using 10,000 iterations. Partial
P values were corrected for multiplicity and the global P values were obtained
using the Tippet combining function. NPC permits a more flexible analysis in
terms of both specification of the multivariate hypotheses and the nature of the
involved variables; this approach is also useful when the number of variables is
larger than the sample data set. Moreover, the NPC test methodology is pro-
posed to solve some multivariate problems, as in the case of different variable
types (i.e., categorical and numeral variables) (52). The same NPC test proce-
dure was adopted for AHL production and for virulence factor patterns accord-
ing to the Structure clustering.
Multinomial logistic regression (MLR) analysis was also applied to study the
association between Structure population groups and environmental information
used as a set of independent categorical variables (SPSS 17.0; SPSS Inc., Chi-
cago, IL). The predictors used were three categorical variables (habitat [3 levels],
water [2 levels], and season [4 levels]). The additional information codes and the
categorical levels for each variable are reported in Table 1.
Nucleotide sequence accession numbers. All DNA sequences were deposited
in the Aeromonas MLST database (http://pubmlst.org/aeromonas) (31) and in
GenBank with the accession numbers JF323072 to JF32357.
RESULTS
MLST scheme and genetic diversity. The portions of the six
housekeeping genes selected for the study were successfully
amplified and sequenced in all 100 strains, except for the ppsA
locus, which was not amplified in the Aeromonas type strains
NCIMB 1409, NCIMB 2020, and CECT 4246. In addition,
amplification in A. sharmana was not successful for any locus
except for the gyrB gene. Therefore, these samples were not
included in the MLST analysis. Examination of the obtained
sequences revealed 11 times more synonymous substitutions
than nonsynonymous substitutions, indicating that the selected
six genes are appropriate for population studies. The mean
GC content of these genes varied from 57.6% (metG) to
63.7% (ppsA), with little interstrain variation; the mean GC
content of the whole A. hydrophila genome is 61%. The nucle-
otide diversity (the average number of nucleotide differences
per site from two randomly selected sequences) was high in all
genes (ranging from 0.057 for gyrB to 0.098 for ppsA). The
genetic equilibrium of alleles was analyzed by using the Taji-
ma’s D neutrality test (68). All of the obtained D values were
less than zero, supporting a diversifying selection of the alleles
of these genes (Table 3). Following the MLST approach, the
allelic profiles of the 96 strains with no missing genes were
determined (Table 1). The sequence similarity between all
Aeromonas strains was 66%, which corresponded to 1,073 poly-
morphic sites (nucleotide diversity of 0.078) in the concate-
nated sequence. The genotypic diversity was high, and 89 dis-
tinct STs were identified. This high number of different alleles
was expected because distinct species/taxa were processed. No
ST was observed with high frequency, and only a few STs
comprised more than one isolate.
Phylogeny based on MLST data. The phylogeny of the 96
Aeromonas strains was analyzed by constructing a neighbor-
joining tree from the 3,084-bp concatenated sequences of the
six loci (Fig. 1). The tree revealed two major phylogroups, one
of which contained only the A. schubertii reference strain
(CECT 4240T), while all other strains belonged to the second
group in which different branches are easily distinguishable.
The majority of the branches contained reference/type strains
corresponding to named species (A. veronii, A. allosaccharo-
phila, A. sobria, A. jandaei, A. enteropelogenes, and A. hydro-
phila), except for two groups containing reference strains of
different species (A. salmonicida-A. bestiarum and A. media-A.
caviae) that are located in different branches but are genotyp-
ically related. The phylogenetic tree that resulted from the
concatenated sequence analysis was compared to the topolo-
gies of the six trees constructed independently from each gene
to verify if there were important differences and to determine
whether one of the six genes influenced this tree topology. The
general sample classification of the single-locus trees was very
similar to that of the concatenated one, even if there were
differences in the distributions of some reference strains, but
the main cluster divisions were maintained. The only exception
was given by the trees derived from groL, metG, and recA, in
which A. caviae, A. media, A. eucrenophila, and A. encheleia
species clustered together with A. schubertii (see Fig. S1 in the
supplemental material). However, the distribution of the con-
catenated phylogeny, also supported by three single-locus trees
(for gyrB, gltA, and ppsA), was more reliable and demonstrated
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that the distribution of Aeromonas species into two groups did
not result from the allelic diversity of a single gene but more
likely from a general tendency of the whole genome.
The concatenated phylogeny demonstrates that two bona
fide reference strains previously assigned to the A. hydrophila
group (NCIMB 1434 and CECT 398) clustered into different
phylogenetic groups, A. bestiarum and A. veronii, respectively.
The reference strain NCIMB 75 was purchased as A. sobria,
but our analyses characterized it as A. veronii bv. sobria.
Evidence of recombination in Aeromonas spp. and strain
relationships. Microevolutionary relationships among closely
related genotypes may be best disclosed by analysis of allelic
profiles rather than sequences because the former approach is
less affected by the disturbing effect of homologous recombi-
nation (38). By use of MLST data, clonal families are typically
defined as groups of strains linked by a single allelic mismatch
(in our case, five common alleles out of six). Relationships be-
tween Aeromonas species were analyzed by using the eBURST
algorithm (22), which focuses on allelic profiles and identifies
clonal complexes (CCs) by linking single (or double)-locus
variants. The eBURST analysis revealed the rarity of closely
related genotypes, with the presence of only one CC formed by
two A. veronii strains (ST 39 and ST 67). ClonalFrame analysis
of the concatenated sequences (see Fig. S4 in the supplemental
material) confirmed the association identified in the eBURST
analysis. The majority of STs occurred as doublets, and some
occurred as singlets with no apparent clonal relationship to
each other. In other words, most strains were distantly related,
and the populations of these species do not appear to be
structured, based on the present sampling, into highly preva-
lent clonal families. The r/m ratio was calculated for the entire
population and for the three most represented groups identi-
fied with Structure analysis (A. veronii, A. sobria, and A. sal-
monicida-A. bestiarum) to evaluate whether the high genotypic
diversity could be due to recombination events. The r/m value
for the entire population was found to be 0.15, while a lower
value was found for the three populations, ranging between
0.07 and 0.13.
Evidence for recombination in the MLST loci was also in-
vestigated with the SplitsTree program, which used the split-
decomposition method separately on each locus and on the
concatenated sequences of all STs (see Fig. S2 and S3 in the
supplemental material). Most of the genes were not signifi-
cantly affected by intragenic recombination, but in all cases,
parallelogram formation (indicative of some recombination
events) was evident. Furthermore, only recA exhibited signifi-
cant evidence of recombination (P 	 0.05). When the concat-
enated sequences of all STs were investigated, evidence of
significant recombination was found (P 	 0.0001). The split-
decomposition analysis (28) showed a “rectangular” network
structure in which A. schubertii and all other Aeromonas spe-
cies were clearly distant. As a confirmation of the neighbor-
joining method, the distribution of the clusters previously iden-
tified was visible, and most of them corresponded to a different
species. However, a separation between A. salmonicida, A.
popoffii, and A. bestiarum, which was not clearly highlighted in
the phylogenetic analysis, resulted in the split graph. When the
three most represented populations identified with Structure
analysis were investigated (A. sobria, A. veronii, and A. salmoni-
cida-A. bestiarum), the trees showed limited parallelogram for-
mation (see Fig. S3 in the supplemental material). To detect
the sites of recombination, we searched the MLST data set by
using five algorithms implemented in the RDP3 package (39).
TABLE 3. Nucleotide diversity observed within the Aeromonas strains characterized in this studya
Locus or concatenated
sequence for cluster
Fragment
size (bp)
No. of
alleles
GC
content
No. (%) of
polymorphic
sites
No. of
parsimony
informative
sites
Synonymous
changes
Nonsynonymous
changes Ks Ka
Tajima’s
D test  
Locus (avg values)
gyrB 477 81 0.596 140 (29.3) 96 174 9 0.23873 0.00474 1.10866 0.057 0.053
groL 510 89 0.584 199 (39) 145 176 21 0.40048 0.01206 0.58984 0.094 0.083
gltA 495 84 0.603 150 (30.3) 126 156 15 0.31618 0.01663 0.33598 0.080 0.072
metG 504 83 0.576 178 (35.3) 143 137 15 0.35801 0.01965 0.61507 0.084 0.075
ppsA 537 88 0.637 233 (43.3) 171 176 25 0.40523 0.01801 0.94769 0.098 0.086
recA 561 87 0.595 176 (31.3) 136 194 9 0.24533 0.00443 1.01709 0.058 0.054
Concatenated sequence 3,084 89 0.599 1,073 (34.7) 807 1,013 91 0.25229 0.01233 0.84311 0.078 0.070
Concatenated sequence
for:
A. salmonicida-A.
bestiarumb
3,084 12 0.601 395 (12.8) 250 382 38 0.16307 0.00709 0.09657 0.048 0.045
A. veroniic 3,084 35 0.598 571 (18.5) 337 572 73 0.12883 0.00275 1.38050 0.035 0.033
A. allosaccharophila 3,084 3 0.598 68 (2.2) 0 59 10 0.05092 0.00315 0.015 0.015
A. schubertiid 3,084 2 0.619 399 (13) 0 307 92 0.38629 0.04596 0.156 0.129
A. enteropelogenes 3,084 2 0.607 99 (3.2) 0 99 3 0.12679 0.00171 0.033 0.032
A. sobria 3,084 27 0.589 394 (12.7) 258 377 28 0.10795 0.00219 0.92751 0.029 0.028
A. hydrophila 3,084 4 0.617 115 (3.7) 24 114 2 0.08056 0.00043 0.23817 0.020 0.020
A. media-A. caviaee 3,084 7 0.619 414 (13.4) 145 384 48 0.18365 0.00951 0.86238 0.056 0.052
a , nucleotide diversity per site; , average number of nucleotide differences per site; Ks, number of synonymous changes per synonymous site; Ka, number of
nonsynonymous changes per nonsynonymous site.
b This group also includes DSM 19604, type strain of A. popoffii.
c This group also includes CECT 4228, type strain of A. jandaei.
d This group also includes DSM 17534, type strain of A. eucrenophila.
e This group also includes DSM 11577, type strain of A. encheleia.
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RDP3 disclosed 51 possible intergenic events, among which 21
were supported by more than 3 algorithms.
Structure software was used to identify the main groups
(which differed in terms of their allele frequencies) and more
subtle recombination events to also detect strains carrying for-
eign DNA. The software identified eight distinct ancestral
sources of nucleotides (corresponding to eight colors in Fig. 1).
Within the same species, most strains were homogeneous, even
if some strains presented gene sequences typical of other spe-
cies. In fact, some strains presented mixed colors in the corre-
sponding column, demonstrating the import of gene sequences
from other species. These isolates seemed to have a partially
FIG. 1. Neighbor-joining phylogenetic tree of 96 Aeromonas strains constructed from the concatenated sequences of the six genes included in
this study. Colored rectangles represent the eight ancestral populations identified with Structure analysis. For each strain, the length of the colored
segments indicates the proportion of nucleotides from each of the eight ancestral populations. Colored circles indicate, for each strain, the presence
of the virulence factor genes analyzed in this study. Colored squares represent the phenotypic clusters obtained with Jaccard’s coefficient. The scale
bar length correlates with the length of the concatenated sequence, expressed as a percentage.
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mixed origin. The A. schubertii strain formed a unique popu-
lation, even though some regions typical of this group were
found in isolates of other species (A. popoffii DSM 19604T,
Ae56, A. jandaei CECT 4228T, A. eucrenophila DSM 17534T,
A. encheleia DSN 14577T, and A. caviae CECT 838T). The A.
encheleia and A. eucrenophila strains presented almost the
same structure pattern, as supported by the phylogenetic anal-
ysis, and the entire distribution of all of the strains in the tree
was clearly supported by Structure analysis.
Phenotypic traits and sources. The phenotypic traits consid-
ered in this study were selected from the most useful tests
applied in routine laboratory assessment (1, 13).
Considering all of the 31 phenotypic traits tested, the aver-
age error probability was 1.5% (S2 
 0.015). The tests with
nonzero Si
2 values were the following: beta-hemolysis, lactose
utilization in Kligler iron agar, hydrogen sulfide production in
Kligler iron agar, gelatin liquefaction, acid from sucrose and
D-mannitol, growth on TCBS and at 42°C (3.3%), lysine de-
carboxylase, production of gas in Kligler iron agar, and citrate
(6.6%) tests. Growth on 0% salt and urease production were
not considered in the NPC test, due to uniform results from all
strains.
Biochemical characteristics were used to build two dendro-
grams according to Jaccard’s and Gower’s indexes. The cophe-
netic correlations indicated that Jaccard’s index provided a
better description of clusters than Gower’s index (0.89 versus
0.80); furthermore, both specified a good adjustment of the
original distance matrixes (66). Moreover, Gower’s dendro-
gram failed in the differentiation between the two A. veronii
biovars (A. veronii bv. veronii and A. veronii bv. sobria) that
were clustered together. According to these observations,
UPGMA hierarchical clustering based on Jaccard’s distance
seems to be more reliable than the Gower’s data. Therefore,
only the phenotypic clusters obtained by Jaccard’s dendrogram
(see Fig. S5 in the supplemental material) were reported in
Fig. 1 to highlight the position of each strain according to the
genetic and biochemical analyses. Considering a cutoff value of
0.26 in the Jaccard’s index dendrogram, 12 clusters and 24
single strain profiles were assigned.
The widest cluster, named phenon 7, was almost totally
constituted by strains ascribed to the A. sobria complex (A.
veronii bv. sobria, A. jandaei, and A. sobria) proposed by Ab-
bott and colleagues (1). Phenotypically closely related species,
such as A. encheleia (DSM 14577T) and A. eucrenophila (DSM
17534T), were grouped together with A. allosaccharophila
(phenon 2); these species can be easily differentiated with the
esculin hydrolysis test. The type strain of A. caviae (CECT 838)
was located near the NCIMB 882 reference strain. The number
of reference and type strains did not allow a clustering for
some species, which was suggested by the presence of single
profiles (A. popoffii, A. enteropelogenes, A. schubertii, A. entero-
pelogenes [A. trota], A. media, and A. salmonicida).
According to source information, strains showing the same
ST were not always isolated from the same host species. The
four isolates typed as ST 2 (A. salmonicida subsp. salmonicida
NCIMB 1402T, Ae46, Ae31, and Ae19) arose from different
species of salmonids and from one marine fish. The two iso-
lates typed as ST 38 (Ae40 and Ae20) were derived from a
cold-freshwater species and warm-water species and did not
present the same phenotype (Fig. 1). However, the distribution
of genetic groups seems to reflect the host environmental
range and seasonality of sampling. The putative isolates as-
cribed to the cluster A. sobria were entirely isolated from
freshwater fish, most of which were cold-water species (about
70%), during autumn and winter. The A. veronii isolates
showed a heterogeneous host range with particular prefer-
ences for warm-water species (87%) in different habitats
(freshwater, brackish water, and marine water). A reduction in
the number of clusters considered in the MLR analysis was
necessary to understand the influences of each environmental
predictor. The build model with three structure clusters (A.
veronii, A. sobria, and A. salmonicida-A. bestiarum) as a cate-
gorical dependent outcome showed that 71% of strains were
overall correctly classified by using only the warm- and cold-
TABLE 4. Multivariate analysis of phenotypic traits through NPC test of the identified Structure populations (group comparisons)
Cluster
comparisona
Global
P valueb
Partial P value for test/parameterb
Catalase Cephalothinresistance
Ampicillin
resistance Motility Indole Esculin -Hemolysis
Voges-
Proskauer LDC
c ODCd ADH
Kligler iron agar
Lactose Gas H2S
C1 vs C2 ** ** ** **
C1 vs C3
C1 vs C6 ** * * **
C1 vs C7
C1 vs C8
C2 vs C3 ** * *
C2 vs C6 ** **
C2 vs C7 *** * ***
C2 vs C8 ** ** ** * **
C3 vs C6 *
C3 vs C7 * *
C3 vs C8
C6 vs C7 ***
C6 vs C8 ** *
C7 vs C8 * *
a C1, A. salmonicida-A. bestiarum; C2, A. veronii; C3, A. allosaccharophila; C4, A. schubertii; C5, A. enteropelogenes; C6, A. sobria; C7, A. hydrophila; C8, A. media-A.
caviae.
b , P value 	 0.05; , P value 	 0.01; , P value 	 0.001.
c LDC, lysine decarboxylase.
d ODC, ornithine decarboxylase.
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water attribution (Nagelkerke pseudo-R-square of 0.47; P 	
0.001). To solve the quasicomplete separation of variables, the
number of categories was reduced. The marine and brackish
habitat categories were combined into a single dummy vari-
able, and the seasons were also divided into two categories,
combining spring-winter and summer-fall (cold and warm
seasons). The MLR model considering all new categorical
variables showed a significant contribution of each variable
(Nagelkerke pseudo-R-square of 0.61; habitat P 
 0.008; water
P 
 0.0001; season P 
 0.009) and an increase in the overall
percentage of correctly classified samples (74%). However, the
prediction of the A. salmonicida-A. bestiarum group failed.
Statistical analyses through the NPC test. The NPC test of
phenotypic traits was applied to the clusters identified by
Structure analysis. Fifteen contrasts were generated only be-
tween taxa containing more than three strains. Among the
eight identified groups, only A. schubertii and A. enteropelo-
genes were excluded. The results of the NPC test are reported
in Tables 4 and 5. The global P value showed that, among the
identified Structure clusters, 14 contrasts were significantly dif-
ferent (significance  level equals 5%). In particular, Structure
populations were not differentiated by the examined pheno-
typic characteristics for the A. salmonicida-A. bestiarum group
compared to the A. allosaccharophila group, the A. hydrophila
group, or the A. media-A. caviae group. Moreover, the contrast
between the A. allosaccharophila group and the A. media-A.
caviae group was not significantly different. The global multi-
variate difference can be explained by 14 of the 29 considered
phenotypic variables, which have been denoted by an individ-
ual significant P value. The following tests were selected for
group identification: cephalothin resistance, motility, esculin,
beta-hemolysis, Voges-Proskaeur, gas from glucose (both Kli-
gler and Durham methods), citrate, sucrose, L-arabinose,
lipase on egg yolk agar, gelatin hydrolysis, and growth at 42°C
and on 3% NaCl.
Distribution of virulence factors and AHL production. In
the present study, the presence of six genomic markers poten-
tially linked to a virulence phenotype was investigated by a
PCR approach. The distribution of the six virulence genes in
the Aeromonas strains is reported in Fig. 1. Almost all strains
contained the enolase gene, and positive reactions for act or
asa1 were found in all populations with the exception of the A.
media-A. caviae group. The ast gene seems to be rarely repre-
sented in the studied data set, with distributions of 20% and
100% in A. salmonicida-A. bestiarum and A. hydrophila groups,
respectively (see Table S2 in the supplemental material). The
genes ascV and aexT were present in 23 (24%) strains, namely,
the 21 strains belonging to the A. veronii group and only one
strain of the A. hydrophila and A. salmonicida-A. bestiarum
groups.
In some cases, strains with the same ST showed identical
prevalences of virulence genes (Ae40, Ae45, A20, Ae4, and
Ae59); however, some discrepancies were also found (i.e.,
Ae74 and Ae75).
The fingerprinting of virulence genes was evaluated through
the NPC test for each Structure group (see Table S2 in the
supplemental material). The A. allosaccharophila group was
not differentiable from the majority of the other clusters, while
the other groups showed statistical differences in the preva-
lence of all virulence genes. The A. salmonicida-A. bestiarum
cluster presented a higher number of strains positive for ahh1
than the others but was similar to the A. hydrophila population.
These two groups were distinguished by the prevalence of
the ast gene, which was present in all strains of A. hydro-
phila. The data related to the A. media-A. caviae cluster did
not prove the presence of ast, ahh1, act or asa1, and aexT
genes, and this virulence profile was statistically different from
those of the others (see Table S2). Discrepancies existed in the
3 levels of AHLs among A. hydrophila, A. salmonicida-A. bes-
tiarum, and other clusters, including A. veronii, A. sobria, and
A. media-A. caviae. Moreover, the majority of the strains pre-
sented a high level of AHL production (68.8%).
DISCUSSION
Aeromonas is a genus of growing interest due to its patho-
genicity for aquatic organisms, its potentially pathogenic ef-
fects in humans (30, 56), and its spoilage action in food. The
knowledge of the main characteristics of Aeromonas species
and strains, such as ecological, environmental, and host distri-
butions, is currently hampered by the lack of precise delinea-
tion of genetic clusters at the species, subspecies, and clone
TABLE 4—Continued
Partial P value for test/parameterb
Citrate
Acid from:
Gas from
glucose
Egg yolk agar
Gelatin Starch
Growth
Brown
pigmentSucrose D-Mannitol L-Arabinose Protease Lecithinase Lipase TCBS 4°C 42°C NaCl(3%)
** **
** ** **
** **
** ** ** ** **
**
** *
* * *
*
* *** *
** * ** *
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levels. Presently, MLST is considered to be one of the most
promising methods for bacterial species delineation (10, 26,
27). The main objective of this study was to apply the MLST
approach to a collection of strains (reference/type and field
strains) belonging to the Aeromonas genus that have been well
defined from the phenotypic point of view. Among the 96
strains, the developed MLST scheme identified a large number
of STs (89) and a considerable divergence among the sequence
of the six concatenated alleles, considering both strains con-
tained in the same branch (intracluster) and strains in different
branches (intercluster) of the phylogenetic tree. The majority
of STs occurred as singletons, which confirms the high level of
sequence diversity detected, evident in  and  values. The
analysis of the concatenated gene phylogeny clearly separated
the major species, and strain grouping was consistent with
recently published phylogenetic studies on Aeromonas spp.,
with the exclusion of A. sharmana DSM 17445T from the genus
(44) and the clustering of A. schubertii at the deepest branch
(35, 67, 77).
However, the resolution and the discrimination power on
intracluster strains achieved in this study with the application
of an MLST scheme showed higher sensitivity than in previous
studies. The study of six gene sequences increased the res-
olution of the analysis by joining the combined capacities of
all molecular clocks. In fact, the reliability of differentiating
closely related taxa was significantly improved, as attested by
the comparison of the concatenated sequence tree with the
single-gene trees (Fig. 1; see also Fig. S1 in the supplemental
material). The Structure analysis of the MLST data revealed
the primary genomic populations and allowed the investigation
of the potential presence of foreign DNA and of gene transfer.
The eight populations clearly showed genomic relationships
between the Aeromonas strains, giving results similar to those
of the phylogenetic analysis. All of the MLST data were also
processed to evaluate potential clonal relationships and to
detect the presence of recombination events. The results sug-
gested that the emergence of clonal descents among the ana-
lyzed Aeromonas species was limited. This result could be due
to inability of the six-locus MLST data to provide enough
information on longer timescales, and the interrelationships
among the lineages corresponding to clonal complexes remain
unresolved. Moreover, as recently reported for Neisseria men-
ingitis, an increase in the number of analyzed loci from 7 to 20
did not solve the clonal relationships among the strains. In this
case, the impact of recombination events could be much more
important, producing many strains with remote genotypes; this
effect appears to be different in different bacterial lineages
(19). However, the real effect of recombination is not easy to
evaluate (20). In the case of Aeromonas, the impact of the
recombination may not be relevant, resulting from the very
similar topologies of the phylogenetic tree (see Fig. S1) and the
dendrogram produced with Clonal Frame (see Fig. S4) and
according to the low r/m value obtained from the global pop-
ulation. However, the split-tree analysis reported significant
evidence of recombination (see Fig. S3). The r/m values cal-
culated for single groups, such as A. sobria, A. veronii, and A.
salmonicida-A. bestiarum (the only three groups that are rep-
resented by more than 10 STs), were low as well, suggesting a
reduced intragroup rate of recombination.
Similar results could be visualized by the single-group split
trees that, despite a significant value of recombination, present
a reduced network structure (see Fig. S3 in the supplemental
material). These results were compared with those obtained by
Silver et al. (63) for A. veronii, in which a relevant effect of
recombination was reported and a more reticulated structure
was evident. This discrepancy could be partially due to the
different habitats of A. veronii strains and to the physical sep-
aration, in time or space. In fact, different ecologic conditions
for growth and spread or, on the contrary, the sharing of the
same ecological niche could influence the horizontal gene
transfer among bacteria. In conclusion, as discussed in detail
by Didelot and Maiden in 2010 (20), the estimation of the
recombination rate in bacteria remains a problematic task due
to differences in sampling schemes and analytical methodolo-
gies across studies. The Structure analysis demonstrates a clear
separation of eight populations with only a few groups (such as
A. allosaccharophila and A. media-A. caviae) or a single isolate
(such as Ae56 and Ae55), in which the genotype results were
TABLE 5. Multivariate analysis of phenotypic traits through NPC test of the identified Structure populations (cluster values)
Clustera No. ofstrains
% positive for the phenotypic characteristic/test/parameter
Catalase Cephalothinresistance
Ampicillin
resistance Motility Indole Esculin -Hemolysis
Voges-
Proskauer LDC
e ODCf ADH
Kligler iron agar
Lactose Gas H2S
C1b 15 93 87 87 60 60 73 80 60 27 33 80 7 60 0
C2 37 97 13 97 100 92 11 92 86 35 49 97 0 84 0
C3 3 100 100 100 100 100 33 0 33 0 0 67 0 67 0
C4c 2 100 50 100 100 50 50 50 50 50 0 100 0 100 0
C5 2 100 50 50 100 100 0 50 50 0 0 100 0 100 0
C6 26 84 35 100 96 92 39 23 58 35 39 92 0 65 4
C7 4 100 100 100 100 100 100 100 100 0 25 100 0 75 25
C8d 7 100 100 100 86 100 86 29 14 0 0 100 14 29 14
a C1, A. salmonicida-A. bestiarum; C2, A. veronii; C3, A. allosaccharophila; C4, A. schubertii; C5, A. enteropelogenes; C6, A. sobria; C7, A. hydrophila; C8, A. media-A.
caviae.
b The A. salmonicida-A. bestiarum cluster also included A. popoffii DSM 19604T.
c The A. schubertii cluster was formed by A. schubertii CECT 4240T and A. eucrenophila DSM 17534T.
d The A. media-A. caviae cluster also included A. encheleia DSM 11577T.
e LDC, lysine decarboxylase.
f ODC, ornithine decarboxylase.
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mixed; however, such strains are probably not well defined, due
to the absence of enough isolates representing one individual
group.
The comparison of the MLST data with the phenotypic
results revealed several discrepancies between phenotypes and
STs. Phenotypic characteristics were strongly related to habitat
and were submitted to a selective pressure. Moreover, some
biochemical tests showed an individual test variance (Si
2) that
suggests the possibility of erroneous results due to discrepan-
cies between replicates. In any case, the S2 value was accept-
able and similar to previous results reported for Aeromonas
spp. (65, 72). The NPC test permitted the selection of the most
useful phenotypic characteristics to differentiate the species in
our data set. The tests selected by this statistical approach were
a subset of those previously proposed for routine uses in the
clinical laboratory (1, 13, 72).
Recently, through an MLST approach using sequencing of
five genes, several new species have been described (4, 5, 23);
however, the numbers of isolates available for each of these
new species are very limited. Coverage of all groups with a
satisfactory number of isolates will be interesting and will allow
a better definition of the genetic taxonomy (30). In our data
set, including the eight branches corresponding to the taxa
A. veronii, A. allosaccharophila, A. sobria, A. jandaei, A. entero-
pelogenes, A. hydrophila, A. salmonicida-A. bestiarum, and A.
media-A. caviae, several controversial phylogenetic and taxo-
nomic positions were clarified with MLST data, particularly for
groups represented by a sufficient number of isolates. Similar
results were obtained in a recently published taxonomic study
in which a phylogenetic analysis of the sequences of seven
genes was performed (42).
A. veronii biovars and A. allosaccharophila. The phylogenetic
and taxonomic statuses of A. veronii are controversial; other
studies have differentiated this species in the two biovars A.
veronii bv. veronii and A. veronii bv. sobria, but the genotype
divergence is very low, even if they represent two heteroge-
neous phenotypes (67). In contrast, our data demonstrate that,
despite the high percentage of nucleotide variations, the A.
veronii population is phenotypically homogeneous. Seventy-
five percent of the strains were ascribed to or found to be
closely related to phenon 7 (Fig. 1), 5% could be ascribed to A.
veronii bv. veronii (cephalothin sensitive, esculin positive), and
the other 20% presented atypical or unclustered profiles.
Moreover, the A. veronii cluster could be phenotypically char-
acterized by 12 tests (Tables 4 and 5) that give statistically
different results in comparison to the other genetic clusters.
As highlighted by other studies (44), A. allosaccharophila
appeared in close proximity to the A. veronii group in the
phylogenetic tree. Other genomic approaches, such as AFLP
genotyping and dnaJ sequencing (29, 48), have suggested that
A. allosaccharophila occupies a taxonomically uncertain posi-
tion with respect to A. veronii, but it is considered to be a
different species (77). In our phylogenetic tree obtained from
the concatenated sequence, A. allosaccharophila strains are
near A. veronii but are located in different phylogenetic lines.
Therefore, our method was able to separate A. veronii from A.
allosaccharophila and reported a high value of nucleotide di-
versity between these two groups (0.033). A similar result was
reported by Martinez-Murcia et al. from the analysis of the
sequence of seven genes (42). The problematic taxonomic
position of the A. allosaccharophila group could be ex-
plained by the mixed genotypic situation resulting from the
Structure analysis. According to genetic data, the A. allosac-
charophila cluster could be phenotypically differentiated from
A. veronii by using cephalothin resistance, beta-hemolysis,
citrate, and L-arabinose tests (Tables 4 and 5).
A. sobria. The A. sobria genogroup contains only CECT
4245T (A. sobria) as a reference strain and 25 field strains. The
current taxonomical status of A. sobria is controversial (30).
Some authors have included A. sobria and A. veronii bv. sobria
in the same taxa (1, 53), while Valera and Esteve have found
different results (72). Moreover, some authors have considered
A. sobria to be synonymous with A. veronii bv. sobria (32). To
clarify this point, the CECT 4246 type strain (A. veronii bv.
sobria) was selected to be included in the MLST study. Un-
fortunately, despite several attempts with alternative primers
for the ppsA gene, the DNA extracted from this strain was not
amplified and was therefore excluded from the MLST analysis.
However, to clarify the phylogenetic location of this type
strain, the analysis was repeated using the concatenated se-
quence of five genes (excluding the ppsA sequence; data not
shown) and the strains were maintained in the single-gene
trees (see Fig. S1). All of these analyses clearly demonstrate
the position of A. veronii bv. sobria in the A. veronii genogroup.
In the present study, the A. sobria population was composed
of several phenogroups (phenons 1, 3, 5, 7, 8, 13, 14, and 15)
and several single profiles. This heterogeneous distribution of
phenons has also been observed by other authors (72). More-
TABLE 5—Continued
% positive for the phenotypic characteristic/test/parameter
Citrate
Acid from:
Gas from
glucose
Egg yolk agar
Gelatin Starch
Growth
Brown
pigmentSucrose D-Mannitol L-Arabinose Protease Lecithinase Lipase TCBS 4°C 42°C NaCl(3%)
73 67 93 73 80 87 0 80 73 87 0 87 27 93 13
89 92 95 5 97 89 5 81 70 78 10 73 95 97 3
0 100 100 100 100 100 0 100 100 33 0 100 100 100 0
50 0 50 50 50 100 0 100 100 100 0 50 100 100 0
50 50 100 50 100 100 0 0 0 50 50 0 100 50 0
19 50 81 8 100 100 0 96 15 85 0 92 23 61 0
100 100 100 100 100 100 25 75 100 100 0 75 100 100 0
57 100 100 86 57 86 0 29 57 100 0 71 86 100 14
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over, CECT 4245T (A. sobria) showed the same phenotypic
profile as A. veronii bv. sobria, but other clusters displayed
higher variability on test reactions useful for the description of
species (such as indole and acid from sucrose and D-mannitol).
Furthermore, the A. sobria population can be phenotypically
distinguished from other groups by using 14 alternative tests
(Tables 4 and 5).
From the MLST and phylogenetic analysis, a definite divi-
sion between A. sobria and A. veronii is clearly visible. More-
over, the A. veronii and A. sobria groups seemed to fit in
different water environments, seasons, and host ranges, as re-
ported by MLR analysis.
A. salmonicida-A. bestiarum and A. popoffii. In previous stud-
ies, the interrelationship between A. salmonicida and A. besti-
arum has been reported as difficult to define, due to a low level
of nucleotide variation, analyzing both the 16S rRNA gene
(40) and gyrB (77) sequences. In contrast, MLST analysis
clearly discriminated the two groups with high nucleotide di-
versity (0.043), and the neighbor-joining tree clearly showed
two distinct subbranches. Strains of A. popoffii were confirmed
to be closely related to A. bestiarum, as previously reported
(67), but were clearly separated with a nucleotide diversity
value of 0.030. Unlike MLST data, the aggregation into phe-
noclusters failed to differentiate half of the strains of these
species, ascribing them into the unique A. salmonicida-A. bes-
tiarum group. These single phenotypic profiles were repre-
sented almost entirely by the A. salmonicida strains. In addi-
tion, as reported by other authors (1, 72), A. bestiarum and A.
hydrophila fit into the same phenogroup, described as the A.
hydrophila complex.
A. caviae-A. media and related species. In agreement with
previous studies (44), A. caviae, A. media, A. eucrenophila, and
A. encheleia displayed related but different phylogenetic lines
(Fig. 1) with 0.063 nucleotide diversity. In particular, an exam-
ple of controversy within the genus Aeromonas is represented
by A. encheleia and A. eucrenophila (77). In our phylogenetic
analysis derived from the concatenated sequence, the two
reference strains (DSM 14577T and DSM 17534T) clustered
together but showed a very high nucleotide diversity value
(0.054). From Structure analysis, A. eucrenophila belongs to
the A. schubertii population, while A. encheleia clustered in the
A. media/caviae group. Despite this division, which was not
visible from phylogenetic analysis, the genomic compositions
of these two strains are almost identical (represented by colors
in Fig. 1). The only difference is that A. eucrenophila presents
as a predominant source the A. schubertii population, while A.
encheleia is composed of genomic regions more similar to the
A. media-A. caviae group. Furthermore, the type strains of A.
caviae (CECT 838) and A. media (DSM 4881) also exhibited a
variety of putative ancestor populations (Fig. 1). Nevertheless,
in this study, only one strain from each species was analyzed;
therefore, further investigations using a considerable number
of strains belonging to both species could give more reliable
information. The phenotypic traits of A. media, A. caviae, A.
encheleia, and A. eucrenophila type strains were in substantial
agreement with previous literature (3, 29, 72). The subpartition
of clusters in two related taxa (A. caviae-A. media and A.
eucrenophila-A. encheleia) permitted a more reliable pheno-
typic identification of the A. caviae-A. media species through
the NPC test methodology (data not shown).
To complete the description of the Aeromonas strains, a
PCR approach was applied to investigate the presence of six
virulence gene markers. As clearly demonstrated in Fig. 1, the
majority of the virulence factors investigated appears to be
present first in the A. hydrophila strains and in several A. veronii
strains (the two species mostly indicated as pathogenic); the
virulence factor distribution was in substantial agreement with
previous studies on Aeromonas spp. isolated from the water
environment (58). However, the high genetic diversity, evi-
denced by the MLST study among and inside the taxonomic/
species groups in the Aeromonas genus, suggests that the PCR
approach may not be appropriate to assess with certainty the
presence of virulence genes as previously demonstrated also by
Silver et al. (62). In fact, in addition to the frequent involve-
ment of virulence genes in horizontal gene transfer, the gene
sequence variations between different strains may prevent the
amplification of PCR products. For this reason, other methods
need to be applied for a deep study of virulence profiles. At the
moment, the complete genome sequences for A. hydrophila
ATCC 4966 (60), A. salmonicida subsp. salmonicida A449 (57),
and (only recently) A. caviae Ae398 (9) are available. The
increase of genomic information could allow a more extensive
approach such as comparative genome hybridization (CGH) to
investigate the presence of virulence genes as proposed by
Nash and colleagues for A. salmonicida strains (47).
In conclusion, the MLST method developed in this study is
broadly applicable for characterizing and identifying Aeromo-
nas spp. and for strain typing. The chosen genes have proven to
be excellent molecular markers for assessing phylogeny in the
genus Aeromonas and for clarifying the controversial relation-
ships between some species. Moreover, despite the variability
observed in the present data set, the multivariate analysis from
the NPC test provided a set of useful phenotypic characteristics
to differentiate between the more numerous populations. The
simultaneous use of phenotypic and genotypic approaches was
extremely valuable and appropriate for the characterization
of the Aeromonas strains, but in some cases, phenotypic
studies can identify only a macrogroup level, while geno-
typic approaches are able to also characterize the strain level.
In particular, the results clearly indicate that the genus Aero-
monas comprises several (at least eight, maybe more if addi-
tional sampling allows the implementation of less-represented
groups) well-separated groups of strains, but each strain is
highly divergent from the others. This result explains the tax-
onomic confusion and suggests that forcing Aeromonas isolates
into a species scheme could delineate a pragmatic but not
realistic scenario of the strain diversity.
Our results revealed clearly demarcated clusters and provide
novel insights into the phylogenetic distinctions between the
Aeromonas groups. Knowledge of the genetic structure of
Aeromonas strains will provide a useful method to explore the
phylogenetic distribution of relevant strain-dependent features
and to understand potential spoilage and/or pathogenic prop-
erties.
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